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 Summary 
 Summary  
Optimal plant growth is the result of the interaction of a complex network of nutrients, 
water, light, temperature, hormones and antioxidants. Ascorbate (AsA) also known as 
vitamin C is a key antioxidant in plants. AsA is synthesised in mitochondria, cytosol, 
chloroplasts, vacuoles, and occurs in the cell wall where it is a defence against reactive 
oxygen species (ROS). Biosynthesis of AsA in plants occurs within four main pathways: 
the galactose, galacturonic acid, gulose and myo-inositol pathways, in addition there are 
degradation and recycling pathways that also influence its accumulation. AsA plays a 
crucial role in the cell cycle, in growth and development, the transition to flowering and 
in embryo and seed development. Furthermore, a plethora of evidence suggests that AsA 
protects plants against environmental stresses such as ozone (O3), temperature, UV light, 
nutrient deficiency, pathogenesis, salinity, drought, and high light intensity. However, the 
distribution of AsA in the different organs of plants, its influence on plant morphology, 
physiology, cell division and overall plant structure are still poorly understood. 
AsA has important roles in plant growth and development but it is a relatively unstable 
compound and its stability varies under different conditions and with different solvents. 
In this study, the accuracy and reliability of the method used for extraction of AsA from 
a plant sample was examined in the model Arabidopsis, using isoascorbic acid (Iso-AsA) 
as the internal standard. A detailed analysis AsA revealed fluctuations in the levels of 
AsA in different organs and growth stages when plants were grown under standard 
conditions. The highest levels of AsA were found in the young siliques (seed set stage) 
and flowering buds (open and unopened) of Arabidopsis WT (Col-0). A close relationship 
was found between AsA and IAA in leaves, stems, flowers, and siliques and the highest 
level of IAA and AsA were found in the flowers. In contrast, the lowest level of SA was 
found in the flowers, and the highest quantity measured in the leaves. Therefore, AsA is 
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 Summary 
a multifunctional molecule involved in plant growth and development, in addition, its 
level in the plant organs was related to the plant hormone levels. 
Plant morphology and physiology are important parameters that reflected the function of 
the genetic traits, chemistry and environmental differences. In the present study, the 
growth of four AsA mutants of Arabidopsis was examined under standardised growth 
conditions. The knockout of the GDP-mannose pyrophosphorylase (GMP) encoded by 
VITAMIN C DEFECTIVE 1 (VTC1) reduced total AsA to approximately 70% of the 
concentration in WT, and lead to reduction in the plant height, the number of leaves per 
plant, leaf area, the number of flowers and the number of siliques per plant and the number 
of seeds per silique compared with that in the wild type (WT). However, knockouts of 
GDP-L-galactose phosphorylase (GGP) encoded by VTC5, cytosolic ascorbate 
peroxidase (APX1) and mitochondrial dehydroascorbate reductase (DHAR1) showed 
limited effects on plant morphology, physiology and yield. The highest level of total AsA 
was found in the flowering buds and siliques and the number of flowers and siliques were 
found to be increased with the increase of AsA levels in the plant which lead to a 
suggestion that AsA levels were associated with cell division activity. In support of that, 
the expression level of AsA biosynthesis pathways genes and related genes was examined 
in the twn1-1 and fis2-6 Arabidopsis mutants. Modulation of the pattern of cell division 
during seed development in the twn1-1 mutant leads to development of an extra embryo 
from the suspensor, while the fis2-6 mutant produced a viable seed in the absence of 
fertilisation. The expression level of AsA biosynthesis and related genes increased in the 
leaves and flowers of the twn1-1 mutant compared with that in WT, but no difference was 
found for the fis2-6 mutant. Therefore, it can be suggested that individual enzymes in the 
AsA biosynthesis pathways directly or indirectly control plant morphology, physiology, 
xx 
 
 Summary 
and seed yield in Arabidopsis and AsA has a partial involvement in the formation of 
twinned embryos and in seed development. 
Apical meristems contain the most actively dividing cells and genetic analysis in 
Arabidopsis has revealed that several mechanisms are involved in cell proliferation 
during root development, including hormone signalling. However, the mechanism by 
which AsA may control cell division and the cell cycle has not been widely studied. For 
the first time, in the present study it was found that exogenous application of AsA to 
Arabidopsis seeds before sowing had an influence on the cell cycle and on root growth 
rate and root length. In the present study, the cell division pattern in the root apical 
meristem (RAM) of AsA mutants was compared with that in WT Columbia-0 (Col-0). A 
higher number of quiescent centre (QC) cells were found in vtc1-1, whereas no difference 
was found in vtc5-1, apx1 and dhar1 when compared with that in WT. On the other hand, 
a high number of cells in the RAM were likely to be arrested in the G1/S phase that lead 
to a decrease in root growth rate and in root length in the vtc1-1 followed by vtc5-1, dhar1 
and apx1. A complex relationship between hydrogen peroxide (H2O2) and AsA in the cell 
division process and the structure of the RAM in Arabidopsis was found. It had been 
suggested previously that the pattern or the orientation of cell division in the QC is 
periclinal (longitudinal), and that an increase in longitudinal divisions increased the level 
of H2O2 in the lateral roots of Arabidopsis. Accordingly, it was found that there was a 
high level of H2O2 and superoxide in the roots of vtc1-1, and it can be suggested, 
therefore, that the increase in longitudinal divisions in the QC of the vtc1-1 was due to a 
high level of H2O2 and a low level of total AsA. Therefore, AsA acts not only as an 
antioxidant in stressful environments, it is also associated with other plant hormones to 
regulate the cell cycle and cell division.  
xxi 
 
 Summary 
In conclusion, this study has resulted in advances in our understanding of AsA 
involvement in plant growth and development under standardised growth conditions. 
AsA has a key role in regulating plant growth and yield and plays a role alongside plant 
hormones to stimulate cell division and expansion, and in addition, AsA was partially 
involved in embryo development and seed production. Finally, this thesis has developed 
a platform for the analysis of AsA and its role in various plant processes that can now 
inform further studies on non-model, agriculturally important crop species.  
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Chapter 1 : Literature Review 
1.1 Introduction 
Vitamin C is the common name for L-ascorbic acid or simply ascorbate (AsA), a 
derivative of L-threo-hexanon-1, 4-lactone. AsA is an organic compound with important 
antioxidant and metabolic functions in both plants and animals. The name of AsA is 
derived from “a” meaning “no” and scorbutus “scurvy”, the disease caused by a dietary 
deficiency of vitamin C. Scurvy has been known since antiquity and was prevalent in 
northern Europe in the Middle Ages (Lind 1757). It was a major cause of death of the 
crusaders and sailors on long voyages. Even today, a child was diagnosed with scurvy 
and was started on vitamin C replacement therapy showed improvement over the 
following 3 months in his general condition, in reduced legs pain, and improved 
radiologic features and the child started walking; all due to normalisation of the plasmatic 
vitamin C level (Vitoria et al. 2016). Another study show the importance of the action of 
the AsA in the conversion of proline to hydroxyproline in the formation of collagen (Ross 
and Benditt 1962). AsA is one of the most important elements of human nutrition and has 
been correlated with fertility through its essential role in hormone secretion, gamete 
production and gonadal tissue remodelling (Millar 1992). AsA, at very high levels, can 
act as a prodrug to deliver a significant flux of  H2O2 to tumors, for example, when patient 
are given AsA intravenously resulting high plasma levels (Du et al. 2012). Recently, it 
has suggested that AsA could be a potentially effective adjunct therapy in the treatment 
of insulin resistance in people with type 2 diabetes (Mason et al. 2016). The amount of 
vitamin C required daily depends on age, for adult men it is 90mg and for women 75mg 
according to the Dietary Reference Intakes developed by the Food and Nutrition Board 
at the Institute of Medicine of the National Academies (formerly National Academy of 
Sciences) (Monsen 2000). In addition, it has been suggested a daily vitamin C intake that 
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provides plasma AsA concentration ≥ 50 µmol/L should be consumed to maintain an 
optimal skeletal muscle AsA status (Carr et al. 2013).  
Plants provide the major dietary vitamin C source for humans. The primary  natural  food  
sources  of  vitamin  C  are  vegetables  and  fruits, particularly  citrus  fruit,  green  leafy  
vegetables,  broccoli,  cauliflower,  brussels  sprouts,  tomatoes,  peppers,  and  potatoes 
(Eitenmiller et al. 2007; Sánchez-Mata et al. 2012). Plants are the richest sources of AsA, 
and several pathways for AsA biosynthesis and metabolism have been identified in plants. 
It is thought that humans and other mammals like guinea pigs have lost the ability to 
synthesize AsA, because of a mutation of L-gulono-1, 4-lactone oxidoreductase 
(GLOase), the last enzyme in the mammalian AsA biosynthesis pathway. Thus, AsA 
cannot be synthesized in these species and they must obtain it from their diet (Chen et al. 
2003; Cruz-Rus et al. 2012; Liu 2013; Zhang 2013b).  
AsA is an abundant metabolite and plays an important role in plant growth and 
development, cell division and expansion, as well as protection from biotic and abiotic 
oxidative stresses (Conklin 2001; Pant et al. 2015). Dehydroascorbate reductase (DHAR) 
is an important enzyme in the recycling pathway of AsA biosynthesis, a high level of   
DHAR expression changes cell polarity to longitudinal rather than a transverse division 
of the zygote in tobacco. Thus, pooling of AsA in the ovarian cell induced monozygotic 
twinning and polycotyledons (Chen and Gallie 2012). This induction of longitudinal cell 
division in embryonic tissue generates two genetically identical plants. Consequently, the 
overall goals of this research are to understand the function of AsA in plants under 
standard growth conditions and to examine its influence on plant growth and development 
as well as its involvement in cell division.  
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1.2 Ascorbic acid pathways in the plant 
The structure (C6H8O6) and oxidation of AsA to oxalic acid, trihydrobutyric acid on the 
second oxidation and trimethyl L- threonic acid as the final oxidation substance, 
demonstrated that AsA is a derivative of L-gulose, and AsA is the first oxidation product 
from 2:3-diketo-L-gulonic acid in animal (adrenal glands) (Herbert et al. 1933). AsA 
synthesised in animals such as rats and mice was considered the most powerful 
detoxifying and physiologic reducing agent that is also found in humans (Bundesen et al. 
1941; Moteki et al. 2012; Taniguchi et al. 2012). The biosynthesis of AsA in plants was 
reported in the 1950s, following investigations showed that D-galactose may be 
converted to AsA through corresponding intermediates (Isherwood et al. 1953). This was 
followed by the discovery of the chloroplast as the major source for AsA, which suggested 
that this photosynthetic system is capable of consuming and producing AsA by the 
mechanisms of  photooxidation and photoreduction (Mitusui and Ohta 1961). Recently, 
a transcriptomic analysis indicated the involvement of genes that control pectin 
degradation in determining  AsA content in tomato fruit (Ruggieri et al. 2015). 
The complete plant AsA biosynthesis pathways have recently been proposed. The 
Smirnoff (galactose) pathway in the late 1990s was the first identification of an AsA 
pathway in plants, and it is now known as the dominant route to AsA biosynthesis in 
plants. This pathway synthesized AsA through the intermediates GDP-D-mannose, L-
galactose, and L-galactone-1, 4-lactone (Figure1-1). In 1996 an Arabidopsis thaliana 
(Arabidopsis) mutant deficient in AsA was described by Wheeler (Wheeler et al. 1998). 
Furthermore, galacturonate (Loewus 1999), gulose (Davey et al. 1999) and myo-inositol 
(MI) (Lorence et al. 2004), in addition to degradation and recycling (Chen et al. 2003) 
have successively been identified as pathways. There is a similarity in the last step 
enzymes in gulose and myo-inositol pathways in animals and plants. These pathways 
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indicated that part of the animal pathway might also be operating in plants. In spite of a 
simple and unique pathway in animals, several alternative pathways in plants make their 
AsA biosynthesis and metabolism more complicated (Hewitt and Dickes 1961; Zhang 
2013a). Therefore, the specific functions of AsA in plants may reflect the activity of 
different biosynthetic and catabolic pathways in a given plant cell or even cell 
compartment. Total AsA level in a plant is the result of the interaction of different 
pathways. The following sections review the enzymatic reactions in each AsA pathway 
and it is effect on total AsA content in plants.  
 
Figure 1-1: AsA biosynthesis, degradation and recycling  pathways in plants. AsA synthesis in the plant 
follows four main pathways in addition to degradation and recycling pathways. The first two enzymes are 
GMP (GDP-mannose pyrophosphorylase), GME (GDP-D-mannose 3, 5-epimerase). Enzymes catalysing 
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the galactose pathway are GGP (GDP-L-galactose phosphorylase), GPP (L-galactose-1-phosphate 
phosphatase), GalDH (galactose dehydrogenase), GalLDH (galactone-1, 4-lactone dehydrogenase). 
Galacturonic acid pathway: GalUR (galacturonic acid reductase), and AL (aldonolactonase). Gulose 
Pathway: GME* (GDP-D-mannose-2-epimerase) - reversible epimerization (*), GGulPP (GDP-L-gulose-
pyrophosphatase), GulPP (gulose-1-phosphate phosphatase), GDH (gulose dehydrogenase) and GLOase 
(L-gulono-1,4-lactone oxidase). myo-inositol Pathway: MIPS (myo-inositol 1-phosphate synthase), MIP 
(myoinositol monophosphatase), MIOX (myo-inositol oxygenase), GlcAR (glucuronate reductase). 
Recycling Pathway: MDA (monodehydroascorbate) by MDAR (monodehydroascorbate reductase), DHAR 
(dehydroascorbate reductase), and GSH (glutathione) by GR (glutathione reductase). Degradation Pathway: 
AO (ascorbate oxidase), APX (ascorbic peroxidase) convert  H2O2 (hydrogen peroxide) and  O3 (ozone) to 
H2O (water) and O2 oxygen. VTC1, VTC5, APX1 and DHAR1 represent the enzymes, which are knockout 
in the mutated lines used in chapters 3 and 4. The enzymatic reactions described are based on those 
described in (Agius et al. 2003; Alós et al. 2013; Linster and Clarke 2008; Lorence et al. 2004; Smirnoff 
1996, 2011; Upadhyaya et al. 2010; Valpuesta and Botella 2004; Wheeler et al. 1998; Wolucka and Van 
Montagu 2003). 
1.2.1 Galactose Pathway 
Generally, it has been proposed AsA biosynthesis is from D-mannose-1- phosphate 
through GDP-D-mannose, GDP-L-galactose, L-galactose and L-galactono-1, 4-lactone 
intermediates. The galactose pathway is also known as the D-mannose/L-galactose 
pathway or Smirnoff-Wheeler pathway. To understand AsA biosynthesis in plants, a 
complementary genetic approach of the pathways is shown in Figure1-1.  
The first enzymatic reaction in the L-galactose pathway is catalysed by GDP-mannose 
pyrophosphorylase (GMP) encoded by VITAMIN C DEFECTIVE 1 (VTC1) locus in 
Arabidopsis, which produces GDP-D-mannose, cell wall carbohydrates and is involved 
in protein glycosylation. The vtc1 Arabidopsis mutant contains roughly 25% of wild type 
(WT) AsA (Conklin et al. 1999). Recently, it has been identified that two nucleotide 
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sugar pyrophosphorylase-like proteins, KONJAC1 (KJC1) and KJC2, stimulate the 
activity of VTC1 in Arabidopsis. The knockout kjc1 mutant reduced GMP activity to 10% 
of WT levels, leading to a 60% reduction in AsA levels, on the contrary, overexpression 
of KJC1 significantly increased GMP activity (Sawake et al. 2015). Regularly, GDP-D-
mannose 3, 5-epimerase (GME) stimulates a conversion of GDP-D-mannose to GDP-L-
galactose in Arabidopsis and tomato (Gilbert et al. 2009; Wolucka et al. 2001b). This is 
followed by GDP-L-galactose phosphorylase (GGP) which converts GDP-L-galactose 
to GDP-L-galactose-1-phosphate, encoded by VTC2 in Arabidopsis and its mutant vtc2 
contains 10 – 20 % of normal AsA levels. The homologue of VTC2, encodes a second 
GGP VTC5 with similar properties to VTC2, its mutants vtc5-1 and vtc5-2 have 80% of 
the total AsA in WT (Dowdle et al. 2007). In a similar way, GGP from kiwifruit 
(Actinidia chinensis) expressed in Escherichia coli and tobacco leaves resulted in more 
than a threefold increase in AsA (Laing et al. 2007; Linster et al. 2007). 
 Besides that, overexpression of the GGP gene of kiwifruit in Arabidopsis resulted in up 
to a 4-fold increase in AsA, while up to a 7-fold increase in AsA was found when GGP 
and GME genes were co-expressed (Bulley et al. 2009). Results from cultivated plants 
showed that the over-expression of GGP or VTC2 increased AsA 3 to 6-fold in tomato 
fruit, a 2-fold increase in strawberry and up to a 3-fold increase in potato tubers (Bulley 
et al. 2012). 
The L-galactose-1-phosphate phosphatase GPP encoded by VTC4 had been purified and 
identified from Arabidopsis and from young berries of kiwifruit (Actinidia deliciosa), 
which is the enzyme that stimulates the reaction between L-galactose-1-phosphate and 
L-galactose (Conklin et al. 2006; Laing et al. 2004). Overexpression of GPP in 
Arabidopsis increased AsA production over 1.6 times more than WT (Xiao et al. 2015).  
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It has also been reported that overexpression of a bacterial pyrophosphatase hydrolyses 
inorganic pyrophosphate to orthophosphate and increased AsA levels up to 2.5-fold as 
well as increasing the concentrations of the major sugars, sucrose and glucose, and 
decreasing the level of starch in ripe fruit of tomato (Osorio et al. 2013). It has been 
predicted that the VTC3 gene in Arabidopsis encodes a novel polypeptide with an N-
terminal protein kinase domain tethered covalently to a C-terminal protein phosphatase 
type 2C domain which suggests that it is localized in the plastid. The vtc3 mutant plants 
of Arabidopsis are defective in the ability to elevate the AsA pool in response to light 
and heat, which suggested a role for this protein in the light- and photosynthetic electron 
transport-dependent regulation of the galactose AsA biosynthetic pathway (Conklin et 
al. 2013). The galactose dehydrogenase (GalDH) gene, the product of which catalyses 
the oxidation of L-galactose to L-galactono-1-4-lactone (L-GAL) in pea and Arabidopsis 
was identified by Wheeler et al. (1998) who showed that feeding Arabidopsis leaves and 
embryonic axes of germinating pea seedlings with L-galactose increased AsA 
concentration significantly when compared with untreated plants. 
L-galactone-1, 4-lactone dehydrogenase (GalLDH) is localised to mitochondria and 
catalyses the terminal reaction of L-galactone-1, 4-lacton to AsA. The AsA level in a 
transgenic cell line in which GalLDH  was suppressed was 30% lower compared with 
WT BY-2 cells in tobacco (Schimmeyer et al. 2016; Tabata et al. 2001). Furthermore, a 
GalLDH has been identified from the roots of sweet potato (Ipomoea batatas L.,cv. 
Kintoki), and from a mitochondrial extract of cauliflower (Brassica oleracea, var. 
botrytis), that catalyses the last step in the biosynthesis of AsA (Ôba et al. 1995; 
Ostergaard et al. 1997). Silencing of the gene encoding GalLDH in tomato has a minimal 
effect on AsA concentration, indicating that GalLDH activity is not rate-limiting for AsA 
formation, however, plants displaying the most severe effects showed a strong reduction 
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in leaf and fruit size, mainly as a consequence of reduced cell expansion (Alhagdow et 
al. 2007). Homozygous GalLDH mutant (gldh) of Arabidopsis seeds had delayed 
germination, developed chlorotic cotyledons and ultimately died at the cotyledon stage. 
However, all the chlorotic seedlings were rescued by 10 mmol ascorbate supplementation 
(Pineau et al. 2008). Similarly, overexpression of GalLDH in lettuce led to increased 
AsA concentration of 30% and reduced browning after cutting (Landi et al. 2015). 
Consequently, these and many other lines of experimental evidence suggest that the 
galactose pathway is the main AsA biosynthesis route in plant and that it has a crucial 
influence on the pool size of total AsA in the plant.       
1.2.2 Galacturonic acid Pathway  
It has long been known that the production of AsA is facilitated by fermentation of ethanol 
in the presence of L-galacturonic substrate (Roland et al. 1986). A subsequent 
investigation was conducted into the bioconversion of D-galacturonate to L-galacturonic 
acid by L-galacturonic acid reductase (GalUR) in filamentous fungi (Kuivanen et al. 
2012; Wiebe et al. 2010). It has been shown that the cell wall (pectin) degradation leads 
to galacturonate release, thus the expression of GalUR correlates with the AsA content in 
the ripening strawberry fruit. The expression of GalUR in transgenic Arabidopsis also 
increases leaf AsA content two to three fold compared with controls, indicating the 
potential of this gene for engineering AsA levels (Agius et al. 2003; Smirnoff 2003). In 
the same way, overexpression GalUR enhanced AsA up to two fold in potato tubers 
(Solanum tuberosum L. cv. Taedong Valley) (Upadhyaya et al. 2009) and increased 
tolerance to abiotic stress was also observed (Upadhyaya et al. 2010; Upadhyaya et al. 
2011). Recently, it has been reported by Aboobucker and Lorence (2016) that there is  
potential for the  involvement of aldonolactonase (AL) in the conversion of L-galacturonic 
acid to L-galactone-1, 4-lactone in the galacturonic acid pathway and L-gulonote to L-
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gulono-1,4 lactone in the terminal reactions of the gulose and myo-inositol pathways 
(Figure 1-1).   
1.2.3 Gulose Pathway 
A similarity of the AsA biosynthetic pathway in animals with that of plants has been 
suggested based on the last oxidation step. In plants, GDP-D-mannose 3, 5-epimerase 
(GME) catalyses a reversible epimerization of GDP-D-mannose that precedes the 
committed step in the biosynthesis of AsA. The epimerase catalyses at least two distinct 
epimerization reactions and releases GDP-L-gulose, besides the well-known GDP-L-
galactose, a novel sequence intermediate: GDP-L-gulose, GDP-L-gulose-1-phosphate, L-
gulose and L-gulono-1,4-lactone which is a precursor of  AsA (Wolucka and Van 
Montagu 2003, 2007). Biosynthesis of AsA in animals starts with D-glucose oxidation 
and is mediated by D-glucuronate, L-gulonoate completing by oxidation of L-gulono -1, 
4-lactone by L-gulono-1,4-lactone oxidase (GLOase). In light of this, expressing GLOase 
a rat gene in tobacco and lettuce increased AsA levels significantly (Jain and Nessler 
2000). Similarly, transgenic potato overexpressing the GLOase gene accumulates AsA to 
higher levels than in untransformed tubers and were also found to be more tolerant to 
various abiotic stress (Upadhyaya et al. 2010). Recent molecular and biochemical 
evidence has demonstrated that GLOase was functionally replaced with GalLDH in 
photosynthetic eukaryote lineages following plastid acquisition (Wheeler et al. 2015). 
The formation of the alternative biosynthetic pathways in photosynthetic eukaryotes 
uncoupled AsA synthesis from H2O2 production and likely contributed to the rise of AsA 
as a major photoprotective antioxidant. This pathway is known as the L-gulose pathway 
(Wolucka and Van Montagu 2003) (Figure 1-1). 
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1.2.4 myo-inositol Pathway 
Biosynthesis of myo-inositol (MI) involves glucose-6-phosphate, which is converted to 
MI by myo-inositol 1-phosphate synthase (MIPS). Knockout MIPS1 (mips1 mutants) 
resulted in smaller Arabidopsis plants with curly leaves and spontaneous production of 
lesions, in addition to lower levels of MI and AsA (Bruggeman et al. 2015; Donahue et 
al. 2010). Myo-inositol-1-phosphate is dephosphorylated to MI, in a reaction that is 
catalyzed by myo-inositol monophosphatase (MIP). This series of reactions is known as 
the Loewus pathway (Rosenfield et al. 1978). Myo-inositol (MI) is a molecular and 
biochemical substrate, which has been confirmed as strongly interacting with the 
synthesis of AsA in plants by converting MI to D-glucuronate (Figure 1-1). Initially, the 
MI pathway had been indicated by administering MI to harvested ripening strawberries, 
which converted MI to D-glucuronic acid (Loewus and Kelly 1963). It was then shown 
that L-gulono-1,4-lactone or L-galactono-1,4-lactone is converted directly to AsA (Baig 
et al. 1970). The expression of a myo-inositol oxygenase (MIOX) gene in Arabidopsis in 
chromosome 4 (MIOX4) increased AsA 2-3 fold in leaves (Lorence et al. 2004). In 
addition, overexpressing the ethylene response factor AtERF98 promoted VTC1 gene 
regulation of AsA biosynthesis genes in the galactose pathway and the MIOX4 gene of 
the myo-inositol pathway, as well as AsA turnover genes (Zhang et al. 2012).  
Consequently, to date there are at least four main biosynthetic pathways of AsA suggested 
for plants. Attempts to increase AsA content through increasing its biosynthesis have 
achieved some success. Thus, these pathways may contribute to increasing AsA 
biosynthesis in specific organs or at specific developmental stages in different plant 
species.  
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1.2.5 Recycling and degradation pathways 
A comprehensive bioinformatics survey of genes associated with AsA metabolic 
pathways in tomato support that AsA accumulation relies not only on the main pathways 
but also on recycling and degradation processes (Ruggieri et al. 2016). A comparative 
study of two Vaccinium corymbosum L. cultivars also demonstrated that although 
galactose is a predominant pathway of AsA biosynthesis, the higher expression levels of 
recycling genes monodehydroascorbate reductase (MDAR) and DHAR were associated 
with higher AsA content in the fruit (Liu et al. 2015). 
After AsA biosynthesis, this small molecule will go through different degradation 
mechanisms, the products of which can then be recycled. The first oxidation step involves 
ascorbic oxidase (AO) or ascorbic peroxidase (APX) and converts AsA to 
monodehydroascorbate (MDA) (Mittler and Zilinskas 1993; Pignocchi and Foyer 2003). 
The short-lived nature of MDA allows disproportionation into AsA and DHA by MDAR, 
this pathway is known as degradation pathway (Figure 1-1). Then DHA can be recycled 
into AsA by DHAR, using GSH as the reductant (Kwon and Lee 2001), this is known as 
the recycling pathway (Figure1-1). Numerous reports have shown that the AsA level in 
plant cells may be regulated by biosynthetic pathways and the AsA recycling process. 
The following are some examples of how the enzymes in the degradation and recycling 
pathway regulate the level of AsA in various species.   
Through its recycling, AsA in its redox state is critical, under stress conditions, for 
detoxifying exogenous and endogenously-generated ROS (Gallie 2013b; Kwon et al. 
2003). The reduced form of AsA in chloroplasts of spinach (Spinacia oleracea L.) had 
been proposed as the stimulator of GSH and NADPH-dependent GR cycling (Foyer and 
Halliwell 1976).   
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Studies have shown that exogenous DHA is transported into cells where it is reduced to 
AsA by GSH (Winkler et al. 1994). More recently, three rice GR genes (LOC_Os02 
g56850, LOC_Os03 g06740, LOC_Os10 g28000) and two Arabidopsis GR genes 
(AT3G54660, AT3G24170) have been identified from their respective genomes (Trivedi 
et al. 2013). GR involvement may assist maintaining the reduced GSH and AsA pool for 
strengthening the antioxidative processes in plants. AsA levels are raised up to the 
millimolar range under conditions where there are increasing levels of DHA, and 
reduction of DHA depends on GSH and thioredoxin reductase contributions (Chen et al. 
2003; Li et al. 2001; Wang et al. 2010). 
Ascorbate oxidase (AO) is an apoplastic enzyme which controls the redox state of the 
apoplastic AsA pool. AO catalyzes the oxidation of AsA to monodehydroascorbate 
(MDA) (Figure 1-1). AO plays a critical role in the regulation of  the AsA  pool in tomato 
(Garchery et al. 2013), Arabidopsis (Xiao et al. 2015), and pepper (Alós et al. 2013). 
Similar studies analysed the expression of AsA related genes in the flesh and skin of 
radish (Raphanus sativus L.) root, and showed that the transcript levels of degradation 
and recycling genes were higher in the skin than in the flesh except for GR (Xu et al. 
2013). In a similar way, evidence shows that APX activity increased in leaves of rice 
seedlings by a pre-treatment with AsA or L-galactono-1,4-lactone, the immediate 
precursor of AsA (Chao et al. 2010). 
 Recently, gene expression data support the possibility of the recycling pathway in 
contributing to the control of AsA levels in carrot roots. For example, DcAO and DcAPX 
were the highest in the seedling (22 days) and market product stages (82 days) 
respectively, while DcDHAR, DcMDAR, and DcGR were the highest during taproot 
thickening at 60 days (Wang et al. 2015). Constitutive overexpression of a cytosolic 
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tomato DHAR and MDAR resulted in a 1.6-fold increase and in a 0.7 fold decrease in AsA 
respectively, in red ripe and mature green fruit of tomato grown under low light 
(Haroldsen et al. 2011). An MDAR allele is a candidate for a proportion of the increase in 
tomato fruit AsA content (Stevens et al. 2008), but an opposite result was shown in that 
MDAR negatively regulated AsA level in tomato (Gest et al. 2013). Tobacco 
overexpressing DHAR results in an increase in the endogenous level of AsA (Chen and 
Gallie 2005). As a result, of these examples and many other investigations, in Figure 1-1 
I present a synthesis of the enzymatic reactions, biosynthesis and recycling pathways of 
AsA.  
1.3 Biological role of AsA in plants 
To understand the function, distribution and localization of AsA, researchers have 
investigated the major locations of AsA in the cell, which are the mitochondria, the 
apoplast, the cytosol, chloroplasts and vacuoles (Foyer and Halliwell 1976; Zechmann et 
al. 2011). AsA also occurs at the cell wall and on the surface of the nuclear membrane 
and correspondingly in the nucleoli, with the range of concentration depending on the 
location (Liso et al. 2004; Rautenkranz et al. 1994; Smirnoff and Wheeler 2000). For 
instance, Bartoli et al. (2000) showed that  80% of GalLDH, which catalyses the last 
reaction of L-galactono-1, 4-lactone (L-GAL) to AsA, was located on the inner 
mitochondrial membrane, and 20% in the microsomal fraction. They also demonstrated 
that L-GAL stimulated mitochondrial electron transport rate and suggested that GalLDH 
delivers electrons to the mitochondrial electron transport chain between complexes III 
and IV. 
AsA, is a potent, abundant and active molecule, which plays an important role in plants 
through different functions, such as an antioxidant, a cell-signalling modulator for the 
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biosynthesis of the cell wall, secondary metabolite and phytohormone synthesis, stress 
resistance, photoprotection, cell division, and growth (Wolucka et al. 2005). AsA not only 
acts to regulate defence and survival but also acts via photosynthesis as an enzyme 
cofactor, such as the ethylene-forming enzyme of avocado fruit (Persea americana 
Mill.cv Hass) (McGarvey and Christoffersen 1992), and ripe  fruits  of melon (Cucumis 
melo L. var Gaha) (Smith et al. 1992). AsA is also a cofactor for some hydroxylase 
enzymes (e.g. prolyl and lysyl hydroxylases) (Flashman et al. 2010; Smirnoff 1996), and 
violaxanthin de-epoxidase (Bratt et al. 1995; Eskling and Åkerlund 1998; Müller-Moulé 
et al. 2002). In addition, AsA regenerates α-tocopherol (vitamin E) from the tocopheroxyl 
radical (Asada 1999; Betancor et al. 2012; Lebold et al. 2013).  
Consistent with its multifunctional role, AsA plays an important role in the detoxification 
and limiting the lifetime of ROS. A specific function for AsA as a free radical scavenger 
was identified in spinach leaves, which detoxified H2O2 in the chloroplast (Groden and 
Beck 1979; Miyake and Asada 1994; Nakano and Asada 1981). Despite its relatively low 
concentration in the plant, AsA is also involved in photosynthesis regulation, adaption to 
environment signals, programmed cell death (PCD) and enhancing the availability of 
minerals like Fe, Zn, Ca and Mg (Foyer and Noctor 2009; Oladipo et al. 2004). 
The level of AsA in plants ranges from nmol to mmol. This variable amount is dependent 
on the species, organ, tissue, cell and the environmental conditions (Brossa et al. 2013; 
Carballo et al. 2013; Oladipo et al. 2004). For example, total AsA of a 4-day-old 
Arabidopsis cell suspension was approximately 600 to 700 nmol/mg FW (Wolucka et al. 
2001a). Further examples of how the amount of AsA varies in different plants or plant 
parts is shown in table 1-1.  
14 
 
Chapter 1: Literature review 
Furthermore, AsA fulfils essential roles in a series of physiological processes, such as 
plant cell division, cell expansion, control of flowering, developmental senescence and 
responses to pathogens through a complex signal transduction network (Barth et al. 2006; 
Dhar et al. 1980; Kotchoni et al. 2009; Liso et al. 1984). The important question is no 
longer simply, how is this molecule generated, but how are the AsA signals integrated 
into the control of particular developmental pathways? The answer is defined by how the 
AsA network regulates a key plant developmental process. Thus, to understand the 
functions of AsA in a wide range of plant developmental processes and its involvement 
in a particular growth process, some examples are reviewed in the following section. 
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Table 1-1: The concentration of AsA in different plant species and matrices.  AsA quantification was 
conducted by HPLC in most of the studies referenced in the table. Some AsA concentrations in the 
published date were converted from milligram/mL to micromoles/g to enable direct comparison.  
Matrix 
AsA μmol/g 
FW 
Reference 
Arabidopsis  Col-0  
Vtc1-1 mutant  
Vtc2-2 mutant 
5 
2 
1.5 
(Conklin et al. 2000)  
kiwi fruits  5.91 (Kvesitadze et al. 2001) 
Potato tuber  2.04 (Shakya and Navarre 2006) 
Passion fruit  
Papayas 
Strawberries  
Lemons  
Broccolis  
Green peppers 
Red peppers 
67.85 
201.28 
128.21 
76.88 
174.71 
210.94 
346.87 
(Spinola et al. 2012)  
Fruit/vegetable mix, canned 
Broccoli  
Potatoes 
Pineapple  
66.43 
591.64 
37.47 
399.16 
(Tarrago-Trani et al. 2012)  
Bell pepper ‘Ever  Green’ 840.90 (Ignat et al. 2012) 
A
ra
bi
do
ps
is
 
Light intensity µmol m -2 s-1   
6.2  
10.7 
13.5  
(Bartoli et al. 2006)  
50 
100 
250 
70 
190  
310 
450 
730 
5.9 
7.9 
9.1 
10.2 
10.5 
(Page et al. 2012)  
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1.3.1 Growth and development 
Plants have acquired specific regulatory signals that allow them to grow efficiently. 
Indeed, most plant hormones including auxin, cytokinin, GA, ABA, BRs, JA, and ET, 
which modulate growth and development, were discovered decades ago (Gray 2004). 
However, it is likely that the AsA biosynthesis pathways play as associate in these 
interactions due to its underlying involvement in plant growth and development. 
AsA plays a crucial role in controlling cell growth through its function as an enzyme 
cofactor including in the synthesis of ethylene, gibberellins and anthocyanins (Smirnoff 
and Wheeler 2000). Recent research shows that the plant steroid hormones BRs and the 
gaseous hormone ET signalling pathways interact to regulate leaf AsA content in tomato 
(Mazorra Morales et al. 2014). Similarly, the Arabidopsis AsA deficient mutant (vtc1) 
showed a delay in growth and flowering time due to a higher level of ABA compared 
with the WT (Pastori et al. 2003). In addition, exogenous IAA protects soybean plants 
against oxidative stress caused by drought, which increased AsA and GSH compared with 
controls (Lecube et al. 2014). The distribution of IAA in the root of Arabidopsis is altered 
after applying AsA and DHA exogenously, as well as both being induced in root 
gravitonic responses (Lee et al. 2011). Interestingly, treating Arabidopsis plants with 30 
and 200µmol JA increased endogenous GSH, DHAR, APX, and AsA activity. This 
indicates that JA interacts in AsA biosynthesis and recycling pathways (Sasaki-Sekimoto 
et al. 2005). 
Furthermore, soaking fenugreek (Trigonella foenumgraecum) seeds in different 
concentrations of AsA (0 - 100 mg / L)  produced increased shoot length, root length, 
fresh weight, seedling vigour and chlorophyll (Behairy et al. 2012). Shoot growth, leaf 
area, shoot fresh and dry weight increased significantly in the WT of Arabidopsis plants 
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compared to a mutant deficient in AsA biosynthesis (vtc1) (Veljovic-Jovanovic et al. 
2001). In addition, the myo-inositol pathway is one of the AsA biosynthesis, as described 
previously MIPS is an essential enzyme in this pathway (Bruggeman et al. 2015), 
expression of three MIPS genes has been characterized in roots, leaves, flowers, and 
seeds, which regulate growth in Arabidopsis plants (Donahue et al. 2010) .   
Consequently, AsA not only acts to regulate defences and survival but also acts in concert 
with phytohormones to modulate plant growth under various stress conditions. This 
multifunctional molecule and its various biosynthesis pathways require more study to 
understand both its function and influence on plant growth and development under 
standard growth conditions. 
1.3.2 Cell cycle  
Growth and development in plants is organized by cell propagation and differentiation. 
This mechanism is regulated by interconnections at different cellular and molecular 
levels. To generate a perfect mature organ in plants, a cell must pass through two different 
necessary and complex events which are cell division and cell differentiation. Cell 
division, the pattern of cell division, cell expansion and differentiation in different 
meristematic tissues controls the size and structure of the organ. Thus, the regulation of 
cell division is tightly linked to the development of the growth system and metabolism 
process. 
 AsA is considered a non-enzymatic compound that has a crucial role in controlling the 
cell cycle by its involvement in hydroxyproline synthesis, which is required for the 
development of G1 and G2. More than 90% of cells were arrested in G1 after 
supplementing with lycorine an inhibitor of AsA biosynthesis in onion (Allium cepa L) 
root (Liso et al. 1984). However, 79% of cells in root meristems entered S phase in onion 
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roots treated with AsA and the size of the proximal zone, which is opposite to the 
quiescent centre (QC), increased (Citterio et al. 1994; Liso et al. 1988). Interestingly, in 
a tobacco Bright yellow 2 cell line, enriching cells with AsA and DHA enhanced and 
reduced cell division and mitotic-index, respectively (Pinto et al. 1999), in support of this, 
another study showed that GSH and DHA regulated growth and cell cycle independently 
(Potters et al. 2000). In Pisum sativum L. shoots, AsA, DHA, and APX gradually 
decreased in cells from the zone of division to that of those that were elongating or from 
the zone above the hook, however, DHAR increased gradually in the elongation and 
differentiation zone (de Pinto and De Gara 2004). Light microscopy section comparisons 
of leaves showed larger cells in WT plants than in those of Arabidopsis mutants vtc1, and 
vtc2  (Pavet et al. 2005). Increasing AsA and APX activity in tobacco leaves stimulated 
an increase in leaf biomass and plant growth, that linearly correlated with cell division 
and expansion in plants (Castro et al. 2012). The Arabidopsis vtc1-1 mutant, which is 
defective in GMP and which showed an altered response to pH in the presence of 
ammonium, showed defects in the cell wall, membrane and cell cycle along with 
inhibition of root growth (Kempinski et al. 2011). However, treating the root tips of 
Arabidopsis plants with AsA and high concentrations of phosphorus led to decreases in 
the number of mitotic cells (Tyburski et al. 2012). Furthermore, the role of AsA in the 
cell cycle has been well studied under various environmental conditions, however, the 
mechanism and structure of cell division and the pattern of a division under standard 
conditions still needs to be elucidated.   
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1.3.3 Leaf senescence 
Leaf development involves various processes starting from the induction of leaf buds at 
the shoot apex until senescence, during which leaf nutrients are transferred to other parts 
of the plant including the reproductive organs and seeds. It has been shown that leaf 
senescence is governed by different internal (genetic) and external (environmental) 
factors which dictate the cellular, tissue, organ, and organism patterns (Lim et al. 2007). 
Leaf aging is associated with cell death but the death of a leaf is coincident with the start 
of new cells in other tissues (Woo et al. 2013). To achieve good quality and quantity of a 
plant product, the speed and transition of early leaf growth to mature leaf, photosynthesis 
rate, the onset and the progression of leaf senescence, all of which are related to the 
internal molecular network, should be considered. 
It has been shown that AsA plays a crucial role in leaf senescence. For example, AsA 
regulated PCD in the Arabidopsis leaf of vtc1 and vtc2 mutants where a significant 
increase in the number of dead cells per leaf is found compared with that in WT, and 
further, the area of dead cells was expanded in the vtc2 mutant at 6 weeks of age (Pavet 
et al. 2005). A low concentration of AsA and MI in Arabidopsis mips1 mutants induced 
spontaneous cell death and the formation of lesions in leaves (Donahue et al. 2010). 
Similarly, the activity of GalDH, DHAR, and MDHAR enzymes of the AsA pathways 
modified leaf senescence in Arabidopsis and Spinacia oleracea L. cv Bison plants 
(Gergoff et al. 2010). In addition,  the level of DHAR, GR, MDAR, APX, and AsA were 
reduced in senescent Pisum sativum L. leaves compared with mature leaves (Jiménez et 
al. 1998). Recently. It has been found that the GR2 in the ascorbate-glutathione cycle is 
an important regulator of leaf senescence (Ding et al. 2016), and under dark conditions 
the levels of GSH dropped significantly in the vtc2-1 mutant and senescence was induced 
(Luschin-Ebengreuth and Zechmann 2016). As a result, AsA biosynthesis related genes 
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from different pathways showed the strong influence of AsA on senescence. However, it 
is acknowledged that in addition to AsA, plants have other signalling mechanism that 
controls leaf senescence.      
The connection between phytohormones, AsA, and senescence is complicated. Evidence 
strongly suggests that ABA, SA, JA, and ET stimulate cell death. However, GA inhibits 
cell death and induces growth and cell division (Barth et al. 2006; Pavet et al. 2005). AsA 
plays a crucial role in linking phytohormones with growth and senescence processes and 
some proof of this comes from work with  ABA (Pastori et al. 2003) and SA (Barth et al. 
2004)  where concentrations are found to be higher in the Arabidopsis vtc1 mutant, which 
has stimulated cell death compared with the WT leaves.  
Finally, senescence is a complex, highly regulated developmental phase in the leaf, which 
is the result of the degradation of macromolecules and the subsequent mobilization of 
components to other parts of the plant. 
1.3.4 Flowering  
The transition from the vegetative stage to the reproductive stage in the life cycle is an 
important and crucial process. Control of flowering is strongly connected with 
endogenous and environmental factors, which include genetic (cultivars or variety), 
temperature (vernalisation), light (photoperiod, light density), and plant hormones (auxin, 
gibberellins, cytokinins, ethylene) (Sun et al. 2007). AsA levels serve as an internal signal 
that helps plants to respond to environmental signals and facilitates the adaptation of plant 
development, including the transition from the vegetative to the reproductive phase. Early 
experimental evidence for these roles of AsA comes from research where treating the 
growing point with AsA modified flowering time and growth in Trigonella foenum-
graecum and Brassica chinensis (Chinoy et al. 1957).  
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AsA acts as a co-factor and mediator for generating many phytohormones and signaling 
the transition from the vegetative to the reproductive phase to the final stage of 
development. Changing the amount of AsA during the reproductive stage had a critical 
impact on flowering time in Pharbitis nil strain 'Violet' plants (Hirai et al. 1995). 
Increased AsA content in Arabidopsis also delayed flowering time significantly under a 
long day (Attolico and De Tullio 2006). The enzymes in the galactose pathway are 
important for the transition from vegetative to flowering phase. It has been shown that 
the high expression of the circadian clock and photoperiodic genes in Arabidopsis 
mutants vtc1-1, vtc2-1, vtc3-1, and vtc4-1 accelerated flowering time compared with WT 
(Kotchoni et al. 2009). APX is an important antioxidant enzyme which scavenges H2O2 
using AsA as an electron donor in the degradation and recycling AsA pathways. It has 
been shown that under a controlled temperature of 22˚C APX increased significantly in 
concentration and accelerated flowering time compared with Arabidopsis plants grown at 
14˚C which had delayed flowering time, which suggests that at 22˚C oxidative stress was 
high and led to H2O2 formation  (Lokhande et al. 2003). However, thylakoid Arabidopsis 
ascorbate peroxidase (tapx) mutants accumulated the highest level of H2O2 and flowered 
first followed by WT and  the overexpressed tAPX mutant flowered last (Chai et al. 2014).  
Conversion from vegetative to the flowering stage is inhibited by increasing GA3 
application. In peace Lily (Spathiphyllum) the level of GR and APX increased in GA3 
treated plants compared with controls (Dewir et al. 2007). The highest AsA level was 
accumulated in the reproductive stage, specifically during anthesis in different rice (Oryza 
sativa) accessions (Lisko et al. 2013a). Three cultivars of bell peppers (Capsicum annum 
L.), Ever Green, No. 117’, and Celica have changes in AsA content during growth, the 
highest level of AsA was found 67-74 days after anthesis (Ignat et al. 2012). Treating 
Arabidopsis leaves with different concentrations of L-GAL gradually induced 
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accumulation of AsA 2-3 fold in flowers and delayed flowering time significantly 
compared with plants treated with GA and the controls (Barth et al. 2006; Franceschi and 
Tarlyn 2002). Consequently, AsA plays a crucial role in regulating plant hormone 
biosynthesis and the transition from vegetative phase to flowering phase.  
1.3.5 Seed development  
The last stage of flowering (life cycle) in plants is seed development. This is an important 
process which needs specific conditions to pass the two crucial events of embryogenesis 
and seed maturation (Mu et al. 2013) from the time of fertilization until dormancy occurs 
(Gilbert 2000). Generally, a seed is divided into three parts: seed coat (2n), endosperm 
(3n), and embryo (2n), which are genetically and physiologically different. These 
differences are distinguished by the transition mechanism which starts with cell division, 
pre storage, and storage phases that are governed by various signalling networks (Weber 
et al. 2005). As it has been discussed above and the outlined the role of AsA for activation 
of other substrates in different growth stages, during seed development AsA is similarly 
involved.  
The highest levels of AsA and APX were found at the early stages of cell division and 
during the development of the seed were significantly decreased at maturation and 
dormancy stages, however, the mobilization of AsA and APX restarted after imbibition 
(De Tullio and Arrigoni 2003). Germination tests on rice seeds (Oryza sativa L. cv. 
Yangdao 6) showed that AsA levels remained constant until 24 h after imbibition, 
whereas APX appeared after a few hours of imbibition (Ye et al. 2012). As mentioned, 
MIPS is a critical enzyme in AsA biosynthesis in the myo-inositol pathway in plants, in 
Arabidopsis a significant difference in wrinkled and empty seeds was found between 
mips1-2 and mips1-3 compared with WT accessions, however, there was no significant 
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difference in the number of seeds per silique (Donahue et al. 2010). It has been shown 
that the accumulation of AsA in the endosperm during the seed development process of 
different maize genotypes was varied and elevated at 20 days after pollination but then 
gradually decreased (Sanahuja et al. 2013). AsA in the seed is decreased in concentration 
with a decline in the expression of the GGP gene in tomato fruit (Bulley et al. 2012). 
Overall, seed production begins with activation of a multi-molecular network and AsA 
plays a crucial role in this process from the beginning of embryogenesis.     
1.3.6 Embryo development  
The process of embryo development involves several distinct stages. In sexual 
reproduction, the ovule goes through the continuous processes of female gametogenesis, 
fertilization, and zygote and embryo development, as shown in Figure 1-2 a. This 
sequence consists a megaspore mother cell differentiation by mitosis from the 
archesporial cell. This cell can be recognised by its elongated size relative to the 
surrounding cells, a large nucleus, a vacuole and its position neighbouring the epidermis 
in the nucellus. A tetrad of haploid spores is formed by meiosis but only one of these 
spores is functional. The embryo sac passes through three mitotic divisions to produce an 
egg cell and two synergids cells which form the egg apparatus at the micropylar pole, 
three antipodals at the chalazal pole, and a binucleate central cell. Fertilization of both the 
egg cell, which forms the embryo, and the central cell, which gives rise to the endosperm, 
produces a sexual seed (Yang et al. 2005).    
By contrast, asexual reproduction, which is known as apomixis or producing an embryo 
without meiosis and fertilization from the maternal tissues of the ovule, can completely 
omit some of the processes in sexual reproduction and produce a fully formed viable 
embryo. This embryo is genetically maternally derived. It has been shown that 
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Panicoideae, Chloridoideae and Pooideae are most diverse subfamilies of Poaceae which 
have the highest proportions of apomictic genera (Ortiz et al. 2013). Taxonomically, there 
are two main types of Apomixis: gametophytic, which include diplospory, where an 
unreduced embryo sac forms from a megaspore mother cell (MMC) (Figure 1-2 b), and  
apospory, where an unreduced embryo sac forms from a somatic cell of the ovule wall 
(nucellus or chalaza) near the MMC (Bicknell and Koltunow 2004; Carman 1997) (Figure 
1-2 c). 
Sporophytic apomixis is a process in which the embryo arises directly from the nucellus 
or the integument of the ovule. Embryo development is initiated as a bud through mitotic 
division besides the normal (sexual) embryo sac (Figure 1- 2d). Sporophytic apomixes, 
also known as adventitious embryogenesis, occurs commonly in citrus species (Darrigues 
et al. 2003). In addition, twin, triplet and poly embryonic are types of apomixis arising in 
tandem from the suspensor as a result of cell division with clear embryonic features. 
Twins, as well as triplets embryos, are connected by segments with  the suspensor 
(Vernon and Meinke 1994). As development progressed, the suspensor connections 
between embryos degenerated (Figure 1- 2 e)   
Generally, formation of the embryo follows a set series of stages commencing with an 
asymmetric transverse division of the diploid zygote to form two unequal in size daughter 
cells. The basal (the larger cell) forms the suspensor, which is divided transversely 
(anticlinally) to produce 6-9 cells. The apical is the smaller cell from which the embryo 
forms by longitudinal cell divisions (periclinally) (Smolarkiewicz and Dhonukshe 2013; 
Souter and Lindsey 2000; Vroemen et al. 1999). Embryo polarity is established in the 
first cell division following fertilization. 
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Figure 1-2: Overview of embryogenesis. The diagram shows seed development during sexual and asexual 
reproduction (A) Sexual reproduction pathway, which starts from the megaspore mother cell (MMC) 
undergoing mitosis and meiotic divisions. Asexual reproduction (B) Diplospory, embryo sac developed 
from unreduced MMC, (C) Apospory, embryo sac (ES) developed from a cell near the MMC, (D) 
Adventitious embryonic, zygote developed from a cell near the MMC without embryo sac.  (E) Twin or 
poly embryonic, embryo developed from a suspensor.  
 
It has been found that AsA controls the pattern of the cell division during embryogenesis. 
Monozygotic twinning and polycotyly have been induced by DHAR expression in 
tobacco plants, which have increased AsA levels in the ovary (Chen and Gallie 2012). A 
direct injection of L-GAL, DHA and AsA into the ovaries of WT tobacco after two days 
of pollination increased the number of twining embryos, which is the result of altering 
the cell polarity longitudinal instead of transverse divisions of the zygote. This generates 
two genetically identical zygotes (Figure 1-3) (Chen and Gallie 2012). Twinning is an 
attractive trait for the enhancement of crop species because it mediates the formation of 
large genetically uniform populations and perpetuates hybrid vigour through successive 
seed generations. Many horticultural plants are propagated vegetatively, from cuttings or 
buds, because they are highly heterozygous. However, they could be propagated by seed 
if apomixis could be controllably induced by AsA. To investigate this possibility, a 
twinning mutant of Arabidopsis will be examined to find the relationship between the 
activity of cell division during seed development and AsA in this study.  
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Figure 1-3: A diagram of cell division pattern in a zygote treated with AsA. In the controlled plant (WT) 
embryo development begins with the fertilized egg, transverse cell division appear in the zygote to form 
two proembryo cells which develop to the embryo and the suspensor. 10 mmol AsA was injected into the 
ovary within 2 days of pollination. A longitudinal cell division occurs in the zygote, producing two 
genetically identical zygotes which develop into two embryos in each seed, as shown by Chen and Gallie 
(2012).  
1.4  AsA as an antioxidant and its role in stress tolerance 
There is no doubt ROS [superoxide (O2.), hydroxyl (OH.), per hydroxy (HO2.), and alkoxy 
(RO.) free radicals and H2O2 and singlet oxygen (1O2) non radicals], a by-product of 
oxidative metabolism in mitochondria and other cell membranes are signalling molecules. 
These are capable of inhibiting growth by progressive oxidative damage, and triggering 
programmed cell death. However, plants have developed a variety of sophisticated 
defence mechanisms to cope with an adverse environment by detecting antioxidant 
production. AsA has been reported to have a crucial role in scavenging ROS in animals 
and plants, especially by recycling AsA in mitochondria and eliminating the impact of 
ROS on the cell membranes (Chen et al. 2003; Li et al. 2001). An early specific function 
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for AsA as a scavenger was identified in spinach leaves, which detoxified H2O2 in the 
chloroplast (Groden and Beck 1979; Nakano and Asada 1981).  
Over-expression of SIGMP3 increases total AsA content and enhances the resistance to 
oxidative stress in tomato, while, knock-down of SIGMP3 significantly decreases AsA 
content and increases ROS in the leaves. Thus, photosynthesis of leaves fell dramatically 
(Zhang et al. 2013).  
That AsA is an antioxidant and ROS scavenger is important for abiotic and biotic stress 
tolerance, and a recent plethora of evidence suggests that it may play a role in the 
protection of plants against numerous such stresses including ozone (O3),  temperature, 
UV light, nutrient deficiency, pathogenesis, salinity, drought, and high light intensity 
(Figure 1- 4). 
1.4.1 Ozone (O3) 
AsA acts as antioxidant and it functions in a complex signalling network linked to 
programmed cell death. For instance, treating soz1, a semi-dominant O3-sensitive 
Arabidopsis mutant, that accumulates only 30% of normal AsA concentration compared 
to WT, with AsA shows resistance to the oxidizing gas O3 (Conklin et al. 1996). In 
addition, in controlled environmental condition Arabidopsis Col-0 plants were exposed 
to different concentrations of O3 (5, 125 or 175 nL L-1), and then evaluated for AsA in 
the leaf apoplast and the AsA was found to be completely oxidized in all treatments. This 
means that AsA received the oxygen from O3, lost hydrogen and left fresh O2 behind 
(Booker et al. 2012). In a similar way, tobacco plants that overexpressed DHAR pooled a 
large amount of AsA, chlorophyll and exhibited a high level of photosynthetic activity 
when it exposed to a high level of O3 compared with controls (Chen and Gallie 2005; 
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Eltayeb et al. 2006). A difference in leaf AsA level of around 20-30% is relevant for O3 
tolerance at levels exceeding the simulated present-day ambient concentrations in rice 
(Oryza sativa L.) (Frei et al. 2012). Consequently, AsA has a major role in converting O3 
to water using the AO or APX from the degradation pathway.   
1.4.2 Temperature 
Temperature has a crucial effect on plant metabolism. The rates and cellular sites of ROS 
production during temperature stress are likely to play a central role in stress perception 
and protection. For example, exposure of pepper (Capsicum annum L.) and spinach 
(Spinacia oleracea L.) to low temperature increased the content of the non-enzymatic 
AsA, GSH and enzymatic APX, GR and MDAR antioxidants, and inhibited the activity 
of H2O2, it also improved the nutritional quality of the spinach leaves (Airaki et al. 2012; 
Proietti et al. 2009). Correspondingly, there was an increase of H2O2 and thiobarbituric 
acid reactive substances and a decrease in chlorophyll content, ratio of AsA/DHA, GSH 
/oxidized glutathione and CAT and APX in vtc2-1 mutants compared with WT plants 
grown at 2˚C (Wang et al. 2012). Accordingly, various vtc3 mutants that are defective in 
the ability to elevate the AsA pool, were exposed to continuous light at a high temperature 
of 30˚C and showed significant elevation in AsA levels after 4 days to ~3.2 times that in 
WT compared with the ~2.3-times in vtc3-1 and ~1.2-times in the vtc3-2 mutants 
(Conklin et al. 2013). Interestingly, plants lacking the APX2 gene produced more seeds 
under heat stress conditions and reproductive tissues were protected from heat damage 
(Suzuki et al. 2013). Therefore, AsA showed its antioxidant capability to balance the 
metabolic processes in plants exposed to heat stress.     
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1.4.3 Ultraviolet (UV) light 
Generally, UV light induced the activity of ROS and DNA damage, decreased 
photosynthetic function and chlorophyll bleaching significantly, however, the presence 
of AsA reverses its impact significantly especially under UV-B in the cyanobacterium 
Anabaena sp. (He and Häder 2002). In addition, AsA concentration in amaranthus 
increased significantly under UV-B treatment and apparently reduced oxidative stress 
(Singh et al. 2013). However, when Vigna unguiculata was exposed to UV-B, O2. and 
H2O2 were generated and AsA content decreased due to its fast utilization as an 
antioxidant to limit lipid peroxidation (Mishra et al. 2011). Recently, it was shown that 
Arabidopsis protein, AtPDCD5, which is very similar to the human PDCD5 protein, is 
induced by UV-B radiation and participated in programmed cell death (PCD) during the 
UV-B DNA damage response. The pdcd5 mutants and WT showed similar levels of AsA 
and reduced glutathione, after low intensity UV-B exposure, while it was higher in pdcd5 
in controlled conditions (Ferreyra et al. 2016). Thus, UV light damage can be reduced by 
the enhancement of antioxidant activity including that afforded by AsA. 
1.4.4 Plant nutrients 
Micronutrients are an essential requirement for most cellular processes in plants. 
Deficiency of any micronutrient can lead to the accumulation of ROS in plants. For 
example, iron deficiency causes chlorosis symptoms in plants followed by an imbalance 
in cellular functions and decreased growth and development (DalCorso et al. 2014). In 
iron deficiency, GSH and AsA increased at a similar level to that found in iron-sufficient 
seedlings of Arabidopsis (Ramírez et al. 2013). Magnesium deficiency and light intensity 
increased APX, DHAR, GR, and AsA concentration, accordingly with SOD and H2O2 
levels in bean (Phaseolus vulgaris L.) leaves (Cakmak and Marschner 1992). In addition, 
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nitrogen deficiency in cucumber seedlings, induced the accumulation of AsA and 
changed the activities of enzymes involved in AsA biosynthesis and recycling pathways 
(Zhang et al. 2016). Generally, nutrient deficiency is a significant problem for proper 
plant growth and development and which reduces plant yield significantly. While AsA is 
involved in reducing certain nutrient deficiency symptoms, a few studies have examined 
its role.       
1.4.5 Pathogenesis  
Plants vary in their physiological responses to various kinds of environmental stress. To 
prevent damage caused by pathogenic attack and to adapt to changes in the cellular 
environment, AsA has direct and indirect involvement in responding to pathogenic 
challenge. Arabidopsis ascorbate deficient mutants vtc1 and vtc2  showed an increase in 
expression of pathogenesis-related genes and in cell wall peroxidise activity compared to 
WT (Colville and Smirnoff 2008). Likewise, vtc1-1, vtc2-1, and vtc3-1, mutants showed 
more resistance to the bacterial pathogen Pseudomonas syringae and higher H2O2 content 
than WT. Double mutants defective in the AsA biosynthesis gene VTC1 and SA signalling 
pathway genes PAD4, EDS5, and NPR1 were reported to be more sensitive to the 
pathogen because of the absence of SA (Mukherjee et al. 2010). Another response of 
plants against pathogens that involves AsA has been that reported by Dempsey et al. 
(2012) where increased AsA and GSH levels improved resistance against Phytophthora 
cinnamomi in Eucalyptus sideroxylon Woolls compared with Eucalyptus sieberi L.A. 
Johnson. A balance between oxidation and autoxidation is necessary for a healthy 
biological system. Treating Brassica carinata susceptible cultivar car6 and Alternaria 
brassicae with 5 mM β-aminobutyric acid, increased H2O2, SOD, APX and guanosine 
diphosphate (GDP) significantly (Chavan et al. 2013). Arabidopsis  vtc1-1, vtc2-1, vtc3-
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1 showed greater tolerance to Pseudomonas syringae than the WT because increased 
H2O2 enhanced the SA accumulation (Mukherjee et al. 2010; Saruhan et al. 2012). Thus, 
there is good evidence for an indirect influence of AsA on the response of plants to 
pathogens, and once again AsA plays a role by reducing the level of ROS.   
1.4.6 Salt resistance and drought stress 
The interaction between AsA and NaCl has been examined to explore improvement salt 
resistance in plants. For instance, treating cotton and maize plants with NaCl increased 
their AsA content (Kumari et al. 2013; Tuna et al. 2013). Overexpression of GalUR in 
potato enhanced tolerance to methyl viologen, NaCl and mannitol stresses and plants had 
higher chlorophyll compared to untransformed control plants (Upadhyaya et al. 2009). In 
addition, Macrotyloma uniflorum grown under severe drought conditions increased AsA 
and H2O2 significantly compared with watered plants (Murthy et al. 2012). It can, 
therefore, be stated that AsA concentration increased with salt and drought stress, which 
is correlated with the activity of ROS under these conditions.   
1.4.7 Light 
Light intensity and the light period have a crucial influence on the plant growth and 
development. Both high and low light intensities stimulate the antioxidant system in 
plants but the level of stimulation depends on species and growth conditions. A large 
body of research has studied the influence of light on plant growth. Described below are 
some examples of how light can influence the level of AsA and how the two may interact.   
It has been shown that AsA levels increase during the day and decrease along with the 
night period. High expression of VTC1 and VTC5, which regulate AsA biosynthesis in 
the galactose pathway is found at the beginning of the light cycle (Dowdle et al. 2007). 
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However, the AsA synthesis process was modulated on both transcriptional and post-
transcriptional levels in Arabidopsis. It has also been shown that AMR1 transcripts that 
regulate the galactose AsA pathway decrease with increased light intensity and in 
knockout lines accumulate 2-3 fold greater AsA compared to WT (Zhang et al. 2009). In 
addition, the photomorphogenic factor COP9 signalosome (CSN) subunit CSN5B 
promotes VTC1 degradation in darkness (Wang et al. 2013), and the level of AsA in the 
csn5b mutant was increased significantly compared with vtc1 and Col-0 in the darkness 
(Mach 2013). Furthermore, overexpression of mitochondrial alternative oxidase AOX  
genes resulted in a higher AsA biosynthesis, DHAR, MDAR, GalLDH levels and 
respiration rates than Arabidopsis Col-0 grown under high 250, intermediate 100, low 
50µM photons m-2 s-1 light  respectively. Hence, activation of the biosynthesis of AsA by 
increasing AOX improved its function for ROS detoxification (Bartoli et al. 2006). 
Supporting this finding, a further study showed a modification in the expression level of 
AsA related genes in leaves and fruit of tomato (Solanum lycopersicon) after seven days 
of being in shadow. Four GMP genes [SlGMP1, SlGMP2, SlGMP3 and SlGMP4], two 
GGP genes [SlVTC2, SlVTC5], two GPP genes [SlGPP1, SlGPP2], an GalDH gene 
[SlGalDH] and GalLDH [SlGalLDH] were up-regulated in leaves, but only VTC2 and 
GPP1 were downregulated in red ripe fruit (Massot et al. 2012).  Recently it was shown 
that enhanced cellular levels of H2O2 were not detected during early stages of light stress, 
because of the high content of AsA in Arabidopsis, generating a buffer against rapid 
changes in ROS (Suzuki et al. 2015) Therefore, the induction of AsA biosynthesis caused 
by light protects plants from ROS. 
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Figure 1-4: Summary of the ROS cycle that operates in plants during biotic and abiotic stresses. The 
involvement of AsA biosynthesis pathway enzymes including ascorbic peroxidase (APX), 
monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DHAR), ascorbate oxidase (AO) 
in detoxification ROS occurs via superoxide (O2.), hydroxyl (OH.), per hydroxy (HO2.), and alkoxy (RO.) 
free radicals and H2O2 and singlet oxygen (1O2) non radicals generated from a biotic and abiotic stress.   
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1.5 Determination of AsA in plants 
AsA is a relatively unstable molecule. The influence of different conditions on the 
stability of AsA has been well studied, however, for different plant organs (tissues) 
methods of quantification require the selection of conditions for its maximum stability. 
Table 1-1 shows the AsA  in different plant species and under different growth conditions.   
Research has shown that AsA is more stable in acidic media (Golubitskii et al. 2007), at 
low temperature and under anaerobic conditions. However, it rapidly declines during 
storage and light exposure (Andrews and Driscoll 1977; Oyetade et al. 2012). For 
example, AsA levels remained stable in horticultural plant extracts after at least 24h at 
4˚C and 4 weeks at -80˚C (Spinola et al. 2013). Similarly, AsA levels were more stable 
in samples extracted with metaphosphoric acid (MPA) and tris (2-carboxy ethyl) 
phosphine hydrochloride (TCEP) than Trichloro acetic acid (TCA) and Dithiothreitol 
(DTT) (Chebrolu et al. 2012). It has been found increase AsA content and AsA stability 
in bell pepper by using visible and near-infrared spectra in the range 477-950 nm and 
short-wave infrared spectra in the range 850-1888nm (Ignat et al. 2012). 
An extensive array of methods has been developed for the estimation of AsA levels in 
different samples. These include a titration method (Bossi et al. 2000; Gál 1936; Mack 
and Tressler 1937; Tauber and Kleiner 1935), colorimetric (Mitusui and Ohta 1961), 
voltammetry (Link et al. 2010; Ogunlesi et al. 2010; Okiei et al. 2009), spectrophotometry 
(Hewitt and Dickes 1961; Stratil et al. 2008; Tahirović et al. 2012), a kinetic method 
(Celardin et al. 1982), chronopotentiometric (Stojanović et al. 2013), microfluorometric 
(Roy et al. 1976), micro plate reader (Queval and Noctor 2007; Vislisel et al. 2007), gas 
chromatography-mass spectrometry (Mandalakis et al. 2010; Wang and Zuo 2011; 
Wingsle and Moritz 1997) and capillary electrophoresis (Olsson et al. 1998; Qian et al. 
2010; Tao et al. 2012) based methods. 
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Furthermore, the voltammetric method was more reliable compared with the titration 
method in orange samples, in which the concentration of AsA was shown to be 30.9±0.9 
and 29±1 mg/100g by both methods respectively (Paixão et al. 2003; Paixão et al. 2006). 
Similarly, the amount of AsA in fresh brussels sprouts and spinach was higher when 
measured by HPLC compared with titration (Albhecht and Schafer 1990). A comparison 
of AsA percentage in selected fruit and vegetable extracts ranged from 81.7 to 105.9 by 
liquid chromatography and enzymatic assay respectively (Gökmen et al. 2000).  
Not surprisingly, numerous publications and databases report analytical values of the AsA 
content of plants, including variability among plants or samples of particular plants. Many 
of these studies lack sufficient quality control to prove the accuracy and precision of 
quantization. However, a clear and sharp separation of AsA was achieved by a high 
performance liquid chromatography (HPLC) method and it has become the method of 
choice due to its selectivity, speed, and accuracy.  
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1.6 Conclusion  
It is well established that AsA has a pivotal role in plants, animals, and humans. Humans 
and other mammals, like guinea pigs, have lost the ability to synthesize AsA and depend 
on other sources to consume AsA despite the existence of a single biosynthetic pathway 
in some other animals, like rats. Plants contain the highest amount of AsA with multiple 
biosynthetic pathways. Plant AsA influences cell division, cell expansion, growth, 
flowering time and senescence in plants. Furthermore, AsA functions as an antioxidant, 
regenerating other antioxidants, and enzyme cofactors are involved in regulating 
photosynthesis and hormone biosynthesis. Thus, AsA plays a crucial role in limiting the 
consequences of stress. Of relevance to the research presented in this thesis it has been 
reported recently that AsA is one of the apomixis modulatory molecules and has a role in 
converting transverse divisions to longitudinal in the zygote, which induces embryo 
twinning in seeds. 
Consequently, AsA is involved in many facets of plant growth and development, 
however, to answer the question of how AsA modulates the morphology and physiology 
of plants is still largely unresolved and is a focus of this study.  
1.7 Aim of the study  
AsA is a well described molecule due to the elucidation of its functions and the multiple 
biosynthesis pathways from which it is generated in plants. Various methods have been 
used to quantify AsA in plant species, however, the level of AsA in different plant organs 
has not been examined in detail. Enzymes in various AsA biosynthesis pathways function 
differently and modify the total AsA pool size in plant organs, a further aspect that 
requires more study. It has also been found that AsA influences cell division and the cell 
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cycle in roots but how does AsA influence cell division, tissue structure and the cell cycle 
in Arabidopsis? Therefore, this study had the following three aims: 
1- The focus of chapter two was to measure the concentration of AsA in the aboveground 
organs of Arabidopsis. The concentration of AsA, in leaves, stems, flowers and siliques, 
was measured and was compared with the concentration of the plant hormones, IAA and 
SA, under standard growth conditions. In addition, a robust and reliable method for AsA 
quantification in different plant organs using D-isoascorbic acid (Iso-AsA) as the internal 
standard was developed. 
2- The focus of chapter three was to study the morphological and physiological parameter 
in mutants defective in key AsA biosynthesis genes in the galactose, degradation and 
recycling pathways. More specifically, their influence on growth, flowering and seed 
yield was investigated. In addition, to understand the mechanism of the influence of AsA 
in embryo development and seed yield, AsA levels and morphology of the Arabidopsis 
mutants EMBRYO DEFECTIVE 214, which develops two embryos in a seed, and 
FERTILIZATION INDEPENDENT SEED 2, which develop seeds without fertilization, 
were determined.   
3- The focus of chapter four was to study the structure of the root apical meristem under 
exogenous application of AsA and also in mutants with defects in AsA biosynthesis genes 
in the galactose, degradation and recycling pathways. In addition, the influence of AsA 
on the cell cycle and root growth parameters was determined. 
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Chapter 2 : Quantitation of ascorbic acid in Arabidopsis 
thaliana reveals distinct differences between organs and 
growth phases  
This chapter was written based on the publication: Kka N, Rookes J, Cahill D (2016) 
Quantitation of ascorbic acid in Arabidopsis thaliana reveals distinct differences between 
organs and growth phases. Plant Growth Regulation: 1-10. 
Noura Kka designed and carried out all the experiments, analysed the results, prepared 
all the figures and tables, drafted and submitted the manuscript. David Cahill, James 
Rookes conceived the project and comments on the drafts of the manuscript. 
2.1 Abstract 
Optimal plant growth is a result of the interaction of a complex network of plant hormones 
and environmental signals. Ascorbic acid (AsA) is a crucial antioxidant in plants and its 
level is involved in regulation of plant growth and development. AsA is an unstable 
compound in a solvent, AsA stability was examined by using different methods, and it 
was found that AsA level was stable at different storage period of different temperature 
and light exposure by using Nanodrop spectrophotometer compared with that measured 
by HPLC. Quantitative analysis of AsA in Arabidopsis thaliana organs was conducted 
using HPLC due to its selectivity, speed, and accuracy, and D-isoascorbic acid (Iso-AsA) 
was used as an internal standard. It was found that leaf type (simple and compound) had 
an effect on AsA levels, higher level of AsA was found in the compound leaf of pea plants 
compared with that in the simple leaf of Arabidopsis. Analysis revealed fluctuations in 
the levels of AsA in different organs and growth phases under standard growth conditions. 
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AsA levels increased in leaves in direct proportion to leaf size and age. AsA levels varied 
across plant organs, the highest level of AsA found in the young siliques and flowering 
buds followed by leaves and stems. A relationship was found between the level of AsA 
and IAA in leaves, stems, flowers, and siliques of Arabidopsis Col-0 plants, and the 
highest level of IAA and AsA were found in the flowers. In contrast, the lowest level of 
the plant hormone SA was found in the flowers, and the highest level of SA measured in 
the leaves. In conclusion, under standard growth conditions AsA, IAA and SA levels 
varied across plant organs and AsA has found to be a multifunctional molecule that is 
involved as associate of plant growth and development.  
2.2 Introduction  
Arabidopsis is a model plant in molecular biology and is the most widely studied plant 
species (Berardini et al. 2015; Kramer 2015; Meinke et al. 1998). Whilst extensively 
studied, the relationship between plant growth, specific plant hormones and antioxidants 
under normal growth conditions is still only partially understood.  
AsA is a multifunctional compound in plants that occurs in the cell within cytosol, 
chloroplasts, vacuoles and mitochondria, it is also found in the cell wall of leaves and its 
concentration varies with growth conditions and developmental stage (Caverzan et al. 
2012; Smirnoff 1996; Yoshida et al. 2006; Zechmann et al. 2011). In plants, AsA is 
synthesised via four main pathways, the galactose (Wheeler et al. 1998), galacturonic acid  
(Agius et al. 2003)  gulose and myo-inositol (Lorence et al. 2004; Wolucka and Van 
Montagu 2003) pathways and there are degradation and recycling pathways (Green and 
Fry 2005; Wang et al. 2010).  
The level of AsA in different organs of individual plants and across species differs 
significantly. This variation is caused by various factors such as the external environment 
41 
 
 Chapter 2: Quantitation of ascorbic acid in Arabidopsis thaliana reveals distinct differences 
that affects the concentration of AsA in samples but also the use of different analytical 
methods to quantitate the molecule including titration (Rekha et al. 2012), colorimetry 
(Barros et al. 2007), spectrophotometry (Hewitt and Dickes 1961) , paper 
chromatography (Conklin et al. 2000), multi-well micro plate reader based assays 
(Queval and Noctor 2007) and HPLC. HPLC is a method of choice due to its separation 
capability and accuracy (Doner and Hicks 1981; Zhang et al. 2014). For example, using 
HPLC AsA concentration in Arabidopsis Col-0 ecotype rosette leaves was 2.8 ± 0.6 
µmol/g FW when exposed to ozone (Conklin et al. 2000), 2.64 ± 0.16 µmol/g FW at 0.3% 
CO2 (Veljovic-Jovanovic et al. 2001) and the total AsA level was also shown to be 
increased significantly in rosette leaves subjected to water stress (Zhu et al. 2014). 
Although, the level of AsA in the plant leaf has been reasonably well characterised 
following a variety of treatments (such as those described above), there is little 
information regarding AsA concentration in other organs. 
Ascorbic acid synthesis occurs in the leaves, it accumulates in the phloem and is 
transported to root tips, shoots, and floral organs (Franceschi and Tarlyn 2002; Tedone et 
al. 2004). AsA plays a major role in the plant as an antioxidant, cofactor for some 
hydroxylase enzymes, (violaxanthin de-epoxidase) and in the regulation of cell division 
(Smirnoff 1996, 2000). Other roles have been attributed to AsA including those in 
photosynthesis, hormone biosynthesis and in promoting plant growth (Gallie 2013a; Senn 
et al. 2016). The AsA deficient Arabidopsis vtc1 mutant accumulates only 25% AsA 
compared to Col-0 and has significantly reduced root growth, leaf area and biomass and 
has earlier flowering and senescence (Barth et al. 2006; Conklin et al. 2000; Munne-
Bosch and Alegre 2002; Veljovic-Jovanovic et al. 2001). It has been observed that 
changes in AsA content influence plant growth and development by modulating the 
expression of defense genes and hormonal signaling pathways genes. For example, 
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abscisic acid contents are significantly higher in Arabidopsis vtc1 mutant than in the WT 
(Pastori et al. 2003). 
 Auxins, initially synthesized in the apical meristems are then transported to their target 
tissues (Marchant et al. 2002). The Arabidopsis vtc1-1 mutant at 7 days old, showed a 
significant reduction in root growth and total AsA and IAA were also reduced in 
concentration to 45 and 40% compared with Col-0 (Barth et al. 2010).  
Ascorbate peroxidases (APXs) play a crucial role in the degradation and recycling 
pathways of AsA, especially under abiotic stress conditions, and facilitate the scavenging 
of ROS, such as H2O2 and superoxide ions (Miller et al. 2007). AsA biosynthesis enzymes 
are correspondingly involved in IAA and SA signaling during stress. For instance, under 
heat stress, dry seeds of the Arabidopsis apx6-1 mutant, which cannot synthesize APX, 
showed increased levels of IAA to almost twice that of WT (Chen et al. 2014). SA is 
involved in the plant immune responses (An and Mou 2011) and in Arabidopsis vtc1-1 
under biotic stress showed an increase in SA levels compared with the Col-0 WT (Barth 
et al. 2004; Mukherjee et al. 2010). In contrast, SA-deficient transgenic Arabidopsis 
expressing the salicylate hydroxylase gene NahG was tolerant to stress because of a 
higher ascorbic acid/dehydroascorbate (AsA/DHA) ratio in seedlings (Cao et al. 2009; 
Zhu et al. 2011). Despite these and other studies, the level of AsA, IAA and SA in aerial 
organs of Arabidopsis under standard growth conditions remains unclear.  
The focus of the current chapter was to measure, in Arabidopsis, the concentration of AsA 
in the various aboveground organs, leaves, stems, flowers and siliques and compare that 
with IAA and SA under controlled conditions. In addition, an aim was to develop a robust 
and reliable method of quantification of AsA in plant tissues using Iso-AsA as the internal 
standard. 
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2.3 Materials and Methods 
2.3.1 Arabidopsis growth conditions  
Seeds of Arabidopsis Col-0 (LEHLE, Texas USA, http://www.arabidopsis.com/) were 
surface sterilized and placed into 1.5 mL microfuge tubes (Eppendorf) with 50% (v/v) 
ethanol (Chem-supply, Australia), 5% (v/v) of H2O2 30% solution (Sigma-Aldrich) for 
five minutes, then washed three times in sterile distilled water (sdH2O) and suspended in 
sterile 0.15% (w/v) agar. Seeds were transferred to a sterile Petri dish (90mm) with a 
sterile pipette tip (1000 µL) inside a laminar flow workstation onto the surface of MS 
basal medium (Sigma-Aldrich) 0.44% (w/v), containing  3% (w/v) sucrose (Chem-
supply) and 0.8% (w/v) bacteriological agar (Amresco) and pH 5.7 was adjusted using 
1M potassium phosphate dibasic or potassium phosphate monobasic (Sigma-Aldrich). 
The Petri dish was sealed with a plastic paraffin film (Parafilm) to prevent media 
desiccation. Plates were stored in the dark at 4˚C for 2-3 days for seed stratification. The 
plates were then transferred to a growth chamber (Thermoline Scientific, Australia) with 
12/12h day/night cycle at 21˚C, with illumination of 100μmol m-2 s-1 under cool white 
fluorescent lights. After 19 days from the time of germination, seedlings were 
transplanted to soil, one seedling per pot (5cm diameter × 5 cm high) watered with tap 
water and monitored regularly. After 30 days of planting (before flowering), rosette 
leaves from the first node to the sixth node were collected individually to quantify AsA. 
After 40 - 60 days, tissues (leaves, stem, flowers and siliques) were also collected for 
quantification of AsA, IAA and SA. 
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2.3.2 Pisum sativum growth conditions   
Country value pea seeds (Pisum sativum), Sugar snap variety (Bunning, Geelong, 
Victoria, Australia) were placed in soil (Debco® Premium potting mix, Debco, Victoria, 
Australia) directly without any treatment. One seed was placed 25mm deep in each pot 
(9 cm diameter × 9 cm high). Pots were transferred to a growth chamber with 12/12h 
day/night cycle at 21˚C, and a light intensity of 100 μmol m-2 s-1 under cool white 
fluorescent lights. Plants were watered and monitored regularly. At 40 days of age when 
plants had produced five to six true leaves, leaflets and stipules from five plants were 
collected separately. Tissues were homogenised in liquid nitrogen, and were stored at -
80˚C until processing for AsA quantification. 
2.3.3 AsA stability  
In order to evaluate the stability of AsA under different conditions (light, temperature, 
and storage period), AsA absorbance was detected using a UV detector. Appendix A-1 
shows a layout of the experiment. 1mmol AsA was dissolved in 1% MPA and aliquots 
were dispensed into 30 clear 15 mL tubes (Falcon) of which 15 were then covered with 
aluminium foil to stop exposure to light. Five clear and five covered tubes were exposed 
to three different temperatures within either room temperature (21˚C) or a refrigerator (4 
˚C or -80˚C). Aliquots of temperature and light exposure were assessed at (0, 2, 24, 72 
and 168) hours of the storage. The absorbance of each solution was then determined at 
different wavelengths (245, 265 and 275 nm) (Jin et al. 2012; Page et al. 2012; Spinola et 
al. 2013). Each sample was prepared in triplicate and each replicate was measured three 
times using 1µl using a UV detector (nanodrop 1000, BIOLAB).  
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The experiments were repeated using HPLC for quantitative analysis except for using 
three different storage periods of time (0, 2, 24, 72 h). The HPLC conditions are described 
in detail in the following section. 
2.3.4 Ascorbic acid quantification 
Extraction and chromatographic methods to analyse AsA were modified from previously 
published methods (Chebrolu et al. 2012; Page et al. 2012; Tarrago-Trani et al. 2012). 
Rosette leaves, stems, opened and unopened flowers, and siliques were frozen in liquid 
nitrogen immediately after detaching from the plants. Tissues were ground into a powder 
with a mortar and pestle and for each sample 100 mg was transferred to a 1.5 mL amber 
coloured microfuge tube (Eppendorf) and samples were kept at -80°C until extracted. 
Ground tissues were then dissolved in 1mL extraction solvent (1% MPA). The tube was 
vortexed for 30s and the samples were placed into a refrigerated microcentrifuge 
(AllegraTM21R centrifuge, Beckman) at 4˚C and were centrifuged at 17,500 × g for 10 
min. After centrifugation ~900 µL of the supernatant was transferred into a 1mL syringe, 
the pellet was discarded, and the supernatant was filtered using a syringe filter (0.45µm, 
Acrodisc Thermo Fisher Scientific) into a 2 mL HPLC vial. For total AsA determination, 
300µL of the supernatant was transferred into a new vial and was mixed with 300 µL of 
20 mmol TCEP (0.5733g/100 mL sdH2O). The solutions were stored at room temperature 
for 30 min. Figure 2-1 shows the general AsA extraction and analysis method.  20 µL of 
sample was injected into the C18 reverse-phase HPLC Column (Alltech, Apollo: 5 µm 
particle size, 4.6 × 250 mm inside diameter × length) for quantitative analysis. The HPLC 
Agilent 1200 series system (Agilent Technologies, Germany) conditions and settings are 
described in table 2-1. Quantitative analysis of AsA was performed on triplicate samples 
using a commercial software program (ChemStation software, Agilent Technologies). 
The micromolar amount of AsA in each sample was determined by use of a standard curve 
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equation. DHA was calculated as the difference between the concentration of total AsA 
and free AsA, and the data normalized to the weight of fresh plant tissue determined by 
weighing before extraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1: Overview of the general AsA extraction and analysis method. 100 mg of homogenised sample 
was mixed with 1mL of 1% MPA, was vortexed for 30 sec and centrifuged at 17,500×g for 10 min at 4˚C. 
The pellet was discarded and the supernatant was passed through a 0.45um syringe filter for free AsA 
quantification. 300µl of the supernatant was mixed with 300 µL of 20mmol of TCEP for total AsA 
quantification. 20µL of each sample was injected into HPLC column. 
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Table 2-1: Requirements and conditions of reverse-phase HPLC setting and gradient parameters for AsA 
quantification. 
Conditions 
Mobile phase 
Solvent A 95% water, 5% acetonitrile, 0.1% formic acid 
Solvent B 95% acetonitrile, 5% water, 0.1% formic acid 
Flow rate 1mL/min  Running time and elution 
Temperature 21˚C Time (min) Solvent A % Solvent B% 
Wavelength 275nm 0 100 0 
Injection volume 20µL 4 60 40 
Stop time 12 min  7 0 100 
Post run time 6 min  12 0 100 
 
2.3.5 Calibration and quality control for AsA 
A calibration curve was conducted by injecting a range of AsA standards (1.3, 2.7, 5.5, 
11.0, 22.0, 44.0, 88.0 µg/mL) prepared from a stock solution of (176.12 µg/mL) in 1% of 
MPA. Aliquots of 20µl were injected into the HPLC column. For spiking, samples of 
homogenised leaves from the same growth stage were mixed and extracted in known 
concentrations of AsA (1.3, 2.7, 5.5, 11.0, 22.0, 44.0, 88.0 µg/mL) prepared with 1% of 
MPA. The samples were vortexed for 30s, centrifuged at 17,500×g for 10 min at 4˚C and 
passed through a 0.45µm acrodisc filter. 20 µL was injected into the HPLC column 
(Tarrago-Trani et al. 2012). 
In addition, 50µg internal standards of Iso-AsA (Sigma - Aldrich,) was added to each 1.5 
mL tube containing the frozen homogenised plant material. The solvent volume was 
adjusted to the ratio 1:10 (100mg sample into 1mL of solvent). The same HPLC protocol 
was then followed as mentioned above. 
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2.3.6  Indole acetic acid and salicylic acid quantification 
Arabidopsis Col-0 (leaves, stems, flowers and siliques) were collected after 50 days from 
plants grown under standard growth conditions, as mentioned in section 2.3.1. Tissues 
were frozen and then ground with liquid nitrogen into a powder with a mortar and pestle. 
100 mg of each sample was transferred to a 2mL microfuge tube (Axygen, Inc. Union 
City, CA USA). Extraction and chromatographic methods were modified from previously 
published methods (Dobrev et al. 2005; Pan et al. 2010). One millilitre of the extraction 
solvent, 2-propanol/H2O/ concentrated HCl (2:1:0.002), was added to each tube and the 
tube was shaken at high speed (200 rpm for 30 min at 4˚C) using an orbital platform 
shaker (Ratek). 1 mL of 100% of dichloromethane was then added to each sample and 
the sample shaken again for 30min at 4˚C. The sample was then subjected to 
centrifugation at 17,500 ×g for 5min at 4˚C after which two phases were formed with 
plant debris between the two layers. A pasteur pipette was used to transfer 900µl of the 
solvent from the lower phase into a new 2mL tube and the solvent mixture was 
concentrated under nitrogen. The dried samples were redissolved in 500µl of 20% 
methanol and 20µl of the sample solution was injected into the reverse-phase HPLC 
column (Phenomenex C18 Gemini 5µm, 2.00 × 150mm) for analysis. Figure 2-2 shows 
the general AsA extraction and analysis method for IAA and SA and the HPLC conditions 
and setting are described in table 2-2. 
2.3.7 Calibration and quality control for IAA and SA  
IAA and SA stock (50µg/mL) were prepared and diluted in 20% methanol (HPLC grade) 
to make calibration standards (0.3, 0.7, 1.5, 3.1, 6.2, 12.5, 25 µg/mL). For spiking, IAA 
and SA 0.3, 0.7, 1.5µg/mL standards were added to samples of homogenised Arabidopsis 
Col-0 leaves prior to extraction. For precise and accurate extraction of IAA and SA, an 
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internal standard of 50µg caffeic acid (CA) was added to 100 mg of a sample before 
extraction (Lovelock 2013). The purity and authenticity of the IAA and SA peaks in the 
samples was assessed first by confirming migration of the IAA and SA peaks in the 
samples with authentic IAA and SA standards, using the Agilent 1200 series HPLC 
system (Agilent Technologies, Germany). Quantitative analysis of each sample in 
triplicate was performed using a commercial software program (ChemStation software, 
Agilent Technologies).  
 
Table 2-2: Requirements and conditions of reverse-phase HPLC setting and running parameters for IAA 
and SA quantification. 
Conditions 
Mobile phase 
Solvent A 100% water, 0.1% formic acid 
Solvent B 100% Methanol, 0.1% formic acid 
Flow rate 0.5 mL/min  Running time and elution 
Temperature 40˚C Time (min) Solvent A % Solvent B% 
Wavelength 250nm 0 100 0 
Injection volume 20µL 2 70 30 
Stop time 10 min  7 50 50 
Post run time 7 min  10 40 60 
 
 
 
 
 
50 
 
 Chapter 2: Quantitation of ascorbic acid in Arabidopsis thaliana reveals distinct differences 
 
Figure 2-2: Overview of the general method of IAA and SA extraction and quantification.  100 mg of 
homogenised sample was mixed with 1mL extraction solvent. Shake at 200 rpm for 30 min at 40˚C. 1 mL 
of 100% of dichloromethane was added. Shake again at 200 rpm for 30 min at 4˚C.  Centrifuge at 17,500×g 
for 5min at 4˚C. Discard upper phase. Remove lower phase to a new tube. Concentrate the solvent with 
nitrogen flow. Redissolved in 500µl of 20% methanol. The solvent passed through a 0.45um syringe filter. 
20µl of each sample injected into HPLC column. 
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2.3.8 Leaf growth Characteristics  
The number of leaves, leaf area, fresh/dry weight and total chlorophyll were measured at 
vegetative (juvenile phase), flowering and seed set stages after 30, 40 and 50 days of 
planting respectively. Flowering was defined as the number of leaves when the first 
flower opened (Makkena and Lamb 2013). Fully expanded leaves from each stage were 
picked from each plant and were placed on a flat surface. Images were taken using a 
digital camera (Canon EO5 700D, Japan). Leaf areas were calculated with the image 
analysis software ImageJ® 1.47v. Chlorophyll was measured at three areas on each of 
five leaves for each plant. A chlorophyll meter (Minolta SPAD-502, Japan) was used to 
measure the relative chlorophyll content of leaves. The receptor is silicon photodiode, 
which measures the absorbance of the leaf in the red and near-infrared regions, and then 
uses the two transmittances to calculate a numerical value which is proportional to the 
amount of chlorophyll in the leaf (Allardyce et al. 2012). Dry weight was determined after 
drying the same plants in an oven at 80˚C for 48-72h. 
2.3.9 Experimental Design 
Three independent experiments were conducted using a randomized complete design. 
Data was analysed using International Business Machines Statistical Package for the 
Social Sciences (IBM SPSS statistics 22) and tests of significance used  Duncan Multiple 
Range Test (DMRT), at the P < 0.05 level. 
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2.4 Results  
2.4.1 AsA stability under different environmental conditions and assessment of 
quantification methods.    
AsA is unstable when dissolved in a solvent and subjected to various environmental 
conditions. To assess the stability of AsA, experiments were conducted at different 
temperatures, light exposure and duration of storage for different periods of time. AsA 
was detected using spectrophotometry and different wavelength. A preliminary analysis 
showed that there was no significant difference between the storage periods, temperature 
and light (Figure 2-3 a, b and c) and (Appendix A-2), although a significant difference in 
detection was found between wavelengths, the highest levels of AsA  being detected at 
275nm wavelength compared with 245nm and 265nm (Figure 2-3 d).  
Furthermore, the stability of AsA was also assessed using HPLC. The same experiment 
was repeated and the samples were injected into the HPLC column and the eluate 
measured at 275nm wavelength. The HPLC analysis shows that the highest level of AsA 
was found when AsA was stored at -80˚C for 24 hours storage period, while the lowest 
level of AsA was recorded when AsA was stored at 4˚C for 72 hours storage period 
(Figure 2-4 a). A significant fluctuation of stability occurred by the time storage from 2h 
to 72h and between the temperatures of 21, 4, -20 and -80˚C. However, no significant 
difference was found between those AsA solutions exposed to the light (clear tube) or 
dark (covered tubes) (Figure 2 - 4 b). 
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Figure 2-3: Stability of AsA under different storage conditions detected by NanoDrop® Spectrophotometer.  
AsA stability was tested under different environmental conditions. (A) Average of storage at different 
periods of time n = 54.  (B) AsA samples stored at different temperature n = 3.  (C) AsA samples stored in 
the tubes exposed to light or dark, n = 45, and (D) AsA detected at different wavelength, n = 90, error bars 
represent ± SE. Values with different letters indicate significant difference at P < 0.05 according to Duncan 
multiple range test. Note that the result in A-C is the interaction of the three wavelengths (245, 265 and 275 
nm) and the experiment design shown in appendix A-1.   
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Figure 2-4: Stability of AsA under different storage conditions detected by HPLC. (A) Different storage 
temperatures: room 21˚C, fridge 4˚C, freezer -20˚C and deep freezer -80˚C, length of storage time 2, 24, or 
72 hours. Values with different letters indicate significant difference at P < 0.05 according to the Duncan 
multiple range test. (B) The average absorbance for clear tube (light) and wrapped with aluminum foil 
(dark). The difference between values was statistically analysed by using independent t-test. n=36, error 
bars represent ± SE) P-value = 0.68. 
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2.4.2 Calibration curve of AsA  
The reliability and accuracy of AsA quantitation by HPLC chromatographic peaks were 
determined by checking the linearity of the standard curve. Also, to confirm that the 
extraction procedure under the stated conditions was precisely quantitative, six biological 
extracts of the same sample of Arabidopsis Col-0 leaves were injected separately into the 
HPLC after spiking with known concentrations of AsA standards. The peak area of the 
standard and spiked sample was accrued at the same retention time after of overlay signals 
using ChemStation software (Figure 2-5 a). The results of the recovery experiments are 
recorded in table 2-3. The regression equation derived was: y = 2.44E + 05x - 2.05E-1 
with a correlation coefficient (R2) 0.999, where x represents the concentration in µmol 
per mL and y represents the HPLC peak area, which was automatically measured by an 
integrator of HPLC ChemStation software. L inearity of the standard curves was 
computed using Microsoft Excel 2013 (Figure 2-5 b). 
An internal standard, Iso-AsA was used to precisely calibrate the HPLC column and 
quantify the amount of AsA in a biological sample. When standard AsA and Iso-AsA 
1mM (1:1) were injected into the HPLC column, sharp peaks after 3.4 and 3.7 minutes, 
respectively were found (Figure 2-6 a). In addition, the individual injection of AsA and 
Iso-AsA lead to the same respective retention times (Figure 2-6 b, c). Under the same 
conditions samples of Arabidopsis Col-0 leaves were extracted and injected into the 
HPLC column, different peaks resulted at different times (Figure 2-6 d). In addition, 
mixing of an internal standard with the sample before extraction resulted in the same 
chromatogram profile but with one extra peak after 3.7 min (Figure 2-6 e). Figure 2-6 f 
displays an overlay and overlap of five chromatograms, thus demonstrating the stability 
and accuracy of the method.  
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Figure 2-5: Representative chromatograms of AsA standards and samples spiked with AsA.  Different 
concentrations of AsA injected into HPLC column, were used to test the accuracy of the protocol (A) 
Representative chromatogram and (B) linear regression lines of AsA standard and spiked sample of 
Arabidopsis leaves were parallel. Blue represents standard and red represents the spiked samples.  
Table 2-3:  Accuracy and recovery data of AsA determination by HPLC. Six extract samples spiked with 
a known concentration of AsA standards. SE is the standard error of three replicates.  
 
AsA concentration (mol/L) Recover (X) SE 
0 78.40 ±1.12 
0.0000625 75.38 ±3.12 
0.000125 78.53 ±4.58 
0.00025 76.98 ±9.82 
0.0005 79.05 ±17.04 
0.001 68.42 ±24.96 
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Figure 2-6:  Representative HPLC chromatograms of AsA and Iso-AsA run together or separately and 
chromatograms of leaf extracts with and without Iso-AsA. (A) Chromatogram of a mixture of 1mmol of 
AsA : Iso-AsA (1:1) volume. The first peak is AsA after 3.4 min and the second peak is Iso-AsA after 3.7 
min. (B) Chromatograms of standard 1mmol AsA. (C) Internal standard (Iso-AsA) 1mmol. (D) Biological 
sample of Arabidopsis Col-0 leaf extracted with MPA 1%. (E) A representative chromatogram of 
Arabidopsis Col-0 leaf mixed with Iso-AsA then extracted with MPA 1%. (F) Overlay of five 
chromatograms showing the overlap of standard, internal standard and sample well at the same time.  
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2.4.3 Determination of AsA in the leaves    
A comprehensive quantification of AsA in plants at the initial growth stage was conducted 
in two model plants. Firstly, Arabidopsis Col-0 plants were grown for 30 days to produce 
5-6 rosette leaves (Figure 2-7a). Each pair of rosette leaves was then collected separately 
for AsA extraction. AsA quantitation showed accumulation in leaves and levels that 
increased with leaf size and area. Rosette leaf number five accumulated the highest level 
of AsA followed by leaf pair 4 and all other leaf pairs had significantly less AsA than 
these. Thus, number one of the first true leaves accumulated the lowest level of AsA 
(Figure 2-7 b). In addition to Arabidopsis, a second plant tested was Pisum sativum. Plants 
were grown for 40 days and produced five leaves (Figure 2-8 a). As the leaf of Pisum 
sativum is compound, from each node stipules and five pairs of leaflets were collected 
separately. Stipules had a higher level of total AsA compared with the leaflets, and the 
fourth stipule had a significantly higher amount of AsA compared with the 5th, 3rd and 1st. 
Additionally, it was found that the fourth leaflet accumulated a significant amount of AsA 
compared with the leaflets on the 3rd and 1st node (Figure 2-8 b). Please note that this is 
the only experiment conducted on Pea all the other experiments focused only on 
Arabidopsis.  
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Figure 2-7: AsA quantity in the rosette leaves of Arabidopsis Col-0.  (A) Col-0 after 30 days of planting, 
numerals indicate the arrangement of rosette leaves, scale bar 1cm . (B) AsA determination in the 
different rosette leaves starting from first to the sixth rosette leaves (a leaf of the first pair is hidden). 
Values with different letters indicate significant difference at P < 0.05 according to Duncan multiple 
range test, n = 6, error bars represent ± SE. 
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Figure 2-8: AsA quantity in Pisum sativum leaves (stipules and leaflets). (A) Pea (Pisum sativum) plant at 
40 days of age, numbers represents the position of nodes which produce stipules and leaflets. (B) Total AsA 
in stipules and leaflets of first five leaves. Values with different letters indicate significant difference at P 
< 0.05 according to the Duncan multiple range test, n = 4, error bars represent ± SE. 
 
 
 
61 
 
 Chapter 2: Quantitation of ascorbic acid in Arabidopsis thaliana reveals distinct differences 
2.4.4 Accumulation of free, total AsA and DHA in different organs and 
developmental stages.  
While the level of total AsA in rosette leaves of Arabidopsis Col-0 has been examined  
previously by Conklin et al. (1996); Smirnoff and Wheeler (2000), the free, total AsA and 
DHA at different growth stages and in different organs is yet to be described. To 
investigate the level to which AsA concentration varied across different organs, tissues 
were collected for AsA analysis from different organs of Arabidopsis as shown in Figure 
2-9, in general, it was found that free and total AsA increased gradually during growth 
then declined at senescence. True leaves, young green stems and young green siliques 
accumulated more AsA than mature tissue, and the highest level of total AsA was found 
in the flowering buds and young siliques (flowering and seed set stages) and declined in 
the mature siliques (senescence stage) (Figure 2-10). Therefore, a significant difference 
was found in the level of free and total AsA in siliques and flowering buds compared with 
stems and leaves. Cotyledons accumulated the lowest levels of all the compounds except 
DHA, which had the lowest level in flowering buds.  
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Figure 2-9: A representative Arabidopsis Col-0 plant.  Arabidopsis plant 60 days of age grown under 
standard growth conditions showing different organs: True leaves, young stem, mature stem, flowering 
buds, young silique and mature silique. These tissues were collected for AsA quantification.  
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Figure 2-10: Free, total AsA, and DHA quantity in different organs of Arabidopsis Col-0. Cotyledon leaves 
were collected 19 days after germination on MS medium. True leaves are a mix of first, second, third, 
fourth, fifth, sixth and seventh rosette leaves and were collected after 40 days. Young stem, open and 
unopened flowering buds and young siliques were collected after 50 days. Mature stem and mature siliques 
were collected after 60 days (shattering in 10 % of silique). Dotted bar: Free AsA, Black bar: Total AsA, 
White bar: DHA. Values with different letters indicate significant difference at P < 0.05 according to the 
Duncan multiple range test. Each bar colour was compared with the same bar colour across the organs, n = 
3, error bars represent ± SE. 
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2.4.5 Calibration curve of IAA and SA 
Quantitative analysis by HPLC of IAA and SA was conducted in three independent 
experiments. The retention times for IAA and SA peaks were 6.4 and 6.6 min respectively 
(Figure 2-11 a, b). To confirm the extraction method, CA was used as an internal standard. 
A peak of CA appeared after 1.5 min, when the mixture of IAA, SA and CA (1:1:1) at 
50µg/mL each were injected into the HPLC column (Figure 2-11c). CA 50µg was also 
added to ground flowering buds of Arabidopsis Col-0 and the extract injected into HPLC 
column. The chromatogram shows peaks at different times (Figure 2-11d). CA peak 
number 1 appeared after 1.5 min and other peaks indicated the other molecules, a peak at 
6.4min that was exactly at the time as standard IAA and at 6.6 min that was at the same 
time as standard SA.  
In addition, to precisely confirm the retention time of IAA and SA, different 
concentrations of IAA were injected into the HPLC column, and shows increasing peak 
area with increasing concentration of  the IAA standard (Figure 2-12 a). Mixed the IAA 
standard with leaf extracts of Arabidopsis Col-0, showed an increased IAA peak area in 
the spiked sample with increasing concentration of the IAA (Figure 2-12 b). Similarly, 
SA standards and spiked samples showed increasing peak area of SA with increasing 
concentration (Figure 2-12 c, d) 
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Figure 2-11: A representative HPLC chromatograms of IAA and SA separation. (A) IAA chromatogram 
(peak 2) with a retention time of 6.4 min. (B) SA chromatogram (peak 3) with a retention time of 6.6 min. 
(C) Chromatogram of a mixture of 50µg/mL of CA (peak 1), IAA (peak 2)  and SA (peak 3)  (1:1:1). (D) 
A representative chromatogram of a sample from Arabidopsis Col-0 flowering buds with internal standards.  
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Figure 2-12: Calibration curves for IAA and SA and for spiked samples . (A) Serial dilution of pure IAA 
(0.3,0.7,1.5,3.1,6.2,12.5,25) µg/µL prepared from a stock of 50µg/µL, showing the linearity of the curve 
and the regression equation for IAA. (B) A sample of Arabidopsis Col-0 leaves spiked with 0.3,0.7 and 
1.5µg/µl IAA, showing the linear increase in the concentration of the spike samples and the  IAA standard. 
(C) Serial dilution of pure SA (0.3,0.7,1.5,3.1,6.2,12.5,25) µg/µl prepared from a stock 50µg/µl showing 
the linearity of the curve and the regression equation for SA. (D) A sample of Arabidopsis Col-0 leaf extract 
spiked with 0.3,0.7 and 1.5µg/µl of SA, showing a linear increase in concentration within the spiked sample 
and standard SA. Date were analysed using ChemStation software. 
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2.4.6  Correlation between indole acetic acid, salicylic acid and AsA  
As shown in section 2.4.4, AsA quantity varies between Arabidopsis organs. To examine 
the relationship between AsA and IAA and SA in different organs, HPLC quantification 
was conducted. Figure 2-13 shows the quantity of IAA and SA in different aboveground 
organs of Arabidopsis Col-0.  
The highest quantity of IAA was found in the flowers (opened and unopened flowering 
buds) when compared with siliques, stem and leaves (Figure 2-13a). In contrast, the 
quantity of SA was increased significantly in leaves compared with stems, siliques and 
flowers (Figure 2-13b). AsA levels were the highest in the flowering buds followed by 
that in siliques, leaves and stems respectively (Figure 2-13c). It is noteworthy that the 
overall AsA quantity was higher than that of IAA and SA in all the organs. Total IAA 
and SA quantity was approximately 0.04% and 0.74 % respectively of the quantity of 
AsA found.  
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Figure 2-13: IAA, SA and AsA  quantity  in different organs of Arabidopsis Col-0. Leaves, stems, flowers 
(open and unopened flowering buds) and siliques were collected from plants 50 days of age. (A) IAA 
quantity, (B) SA quantity and (C) Total AsA quantity in Arabidopsis Col-0 aboveground organs. Values 
with different letters indicate significant difference at P < 0.05 according to the Duncan multiple range test, 
n = 4, error bars represent ± SE. 
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2.4.7 Leaf growth characteristics  
To follow leaf development phases and the relationship with AsA quantity in Arabidopsis 
Col-0 plants, plants were examined for a number of parameters at different ages (Figure 
2-14). Relative chlorophyll content increased with plant growth stage. The highest 
concentration of chlorophyll was found at flowering stages and seed set (Figure 2-15a). 
The largest leaf area and the highest fresh weight and dry weight were found at seed set, 
flowering and vegetative stages in descending order respectively (Figure 2-15 b, c).   
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Figure 2-14: Representative images of the growth and development of an Arabidopsis Col-0 plant. (A) Plant 
at the vegetative stage 30 days of age. (B) Flowering buds emerged in the apical shoot meristem (*) which 
refer to the flowering stage initiation at 40 days of age. (C) Elongation of the main flowering stem (**), the 
secondary flowering stems (***) and the siliques (+) emerged at the seed set stage for a plant at 50 days of 
age. 
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Figure 2-15: Leaf growth parameters during different developmental stages.  (A)  Relative chlorophyll 
content n = 35. (B) Rosette leaf area, n = 9.  (C) Fresh and dry weight, of the aboveground parts, n = 7. 
Error bars represent ± SE. Values with different letters indicate significant difference at P < 0.05 
according to the Duncan multiple range test. 
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2.5 Discussion  
This chapter had two aims: First, optimisation of simple and efficient method to quantify 
AsA in different plant organs, secondly, to quantify AsA, IAA and SA in different organs 
of Arabidopsis Col-0 growing under standard growth conditions.  
AsA is an unstable compound under different conditions and in different solvents. There 
has been some analysis of the stability and degradation of AsA (Munyaka et al. 2010; 
Nojavan et al. 2008; Spinola et al. 2012). However, the selection of conditions for its 
maximum stability has not widely examined. In the present study the Nanodrop 
spectrophotometer was used, for the first time to the best of my knowledge, for AsA 
detection. When the Nanodrop was used to asses AsA it was found to be relatively stable 
under different conditions, but the sensitive HPLC system used showed variations in 
stability at different times and temperatures. Both methods have their advantages and 
disadvantages and provide very useful tools for analysis AsA.  
It is critical for the quantification of any molecule in plants to know the accuracy of the 
extraction process. Use of an internal standard is important to evaluate the efficiency of 
the preparation and injection of the sample into the HPLC column. Spiking of samples is 
used broadly to determine the efficiency of an extraction method (Klimczak and 
Gliszczynska-Swigło 2015; Scartezzini et al. 2006). In addition, the internal standard, Iso-
AsA (erythobic acid and D-araboascorbic acid) used here, differs from AsA only in the 
relative position of the hydrogen and hydroxyl groups on the fifth carbon atom of the 
molecule. Iso-AsA is used intensively for the determination of AsA in blood cells and 
plasma but has been rarely used for determination of AsA in plants (see for example 
Nováková et al. (2008); Zapata and Dufour (1992)). Iso-AsA can correct for variations in 
AsA oxidation rate and overcomes a major problem associated with AsA instability 
(Eitenmiller et al. 2016; Kutnink et al. 1987). AsA is an unstable compound under 
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different conditions and solvents and various studies have previously investigated the 
stability and degradation of AsA (Munyaka et al. 2010; Nojavan et al. 2008; Spinola et 
al. 2012). Here, we have shown the accuracy and reliability of the method used for 
extraction of AsA from a plant sample. 
HPLC quantification has been widely used to determine AsA from a variety of different 
plant extracts (e.g. commercial juices, extracts from leaves, flowers, fruits and seeds) 
(Chotyakul et al. 2014; Grace et al. 2014; Tarrago-Trani et al. 2012), whereas there is 
little research describing spatial differences in AsA across different organs of a plant such 
as described here with Arabidopsis. The route to AsA accumulation in leaves is complex 
as AsA is synthesised in plant cell compartments in different concentrations and via 
different pathways (Wheeler et al. 2015). For example, it has been shown by 
autoradiograph analysis that AsA accumulated in the phloem of leaves and was 
transported to root tips, shoots and floral organs of Arabidopsis (Franceschi and Tarlyn 
2002).  
Leaves are the source of energy for other organs such as flowers and fruit (Bloom 2015; 
Fester et al. 2013; Pirie 1987), and in a similar way the chloroplast is the main source of 
AsA synthesis in plant cells (Fernie and Toth 2015; Talla et al. 2011). Leaf type varies 
from simple to compound and Arabidopsis has a simple leaf with the size varying 
according to age and growth stage. Conversely, pea has a compound leaf composed of 
stipules and leaflets. The level of AsA was higher in the pea leaf compared with that in 
leaves of Arabidopsis. It can be suggested that the activity of cell division in the nodes of 
pea varied from that in the Arabidopsis. This agrees with Kellogg (2006) explained that 
the activity of Knotted-like homeobox (KNOX) genes delaying cell differentiation and 
promoting the formation of leaflets in the compound leaf (pea). In a plant with simple 
leaves, the KNOX genes remain switched off throughout leaf development. Additionally, 
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there is a corresponding relationship between leaf area and cell expansion. The 
significantly higher level of AsA and total chlorophyll in the fully expanded leaves of 
Arabidopsis Col-0 correspond with data that showed that in the presence of AsA and the 
highest photosynthetic activity occurred at maximum leaf expansion and that the 
synthesis of ATP was increased 2 to 3 fold (Forti and Elli 1995; Ivanov 2014; Weraduwage 
et al. 2015). There is a distinct relationship between leaf area and cell expansion where 
high ascorbate oxidase activity in the cell wall is correlated with areas of rapid cell 
expansion (Lisko et al. 2013b; Smirnoff and Wheeler 2000). Additionally, it has been 
found that AsA is localized in the cell wall (Dhar et al. 1980; Smirnoff 1996) and that the 
composition and structure of the cell wall changes with rapid cell expansion and growth 
(Cosgrove 1999). Thus, to account for the differences in AsA concentration found in new, 
versus mature, rosette leaves we propose that the newest rosette leaves did not have 
sufficient time to accumulate a level of AsA that was comparable with that of fully 
expanded leaves. 
As well as examining the variation in concentration of AsA across leaf age, I also 
examined the amount of AsA in other organs after different periods of growth. Young 
organs accumulated higher concentrations of total AsA compared with those that were 
older and the highest level was found in the flowering buds, which are the most active 
areas of cell division and expansion. AsA concentration decreased during senescence. 
Flower bud production is stimulated by the key regulatory hormones, auxin and 
gibberellin (Thingnaes et al. 2003). The levels of these two hormones decrease during 
senescence, and growth inhibitory hormones such as ABA increased in the mature stems 
and siliques (Shan et al. 2012). IAA plays a crucial role in cell division (Wang and Guo 
2015). During flowering, cell division induced by the activity of IAA and GA at the apical 
meristem promotes increased levels of AsA in flowering buds and young siliques. 
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Inversely, reduced AsA in the mature tissue is correlated with cell senescence and 
programed cell death, which in turn leads to decreased levels of AsA (Barth et al. 2004; 
Barth et al. 2006; Pavet et al. 2005).   
The present study has shown that the level of AsA in Arabidopsis tissues such as flowering 
buds, corresponds directly with the level of IAA. In addition, IAA and AsA were both 
reduced in concentration in differentiated tissues such as leaves and stem. It has been 
shown that the highest level of IAA is synthesized in young actively dividing cells in the 
aerial part of the plant (Normanly 2010; Pfluger and Zambryski 2004). Therefore, we 
suggest that the activity of cell division during flowering and seed development 
accelerates the biosynthesis of IAA and at the same time directly or indirectly induces the 
accumulation of secondary metabolites including AsA. It has also been found that SA 
regulates plant responses to both abiotic and biotic stresses (Huang et al. 2016; Miura and 
Tada 2014). The results presented here show an inverse relationship between SA and AsA 
levels across the organs analysed (i.e. SA levels were lowest in flowers while AsA levels 
were highest in the flowers), which agrees with previous work that demonstrated that low 
levels of AsA in the vtc1 Arabidopsis mutant had elevated SA levels (Barth et al. 2004). 
Accordingly, evidence suggests that SA can act as a positive or a negative regulator of 
cell division depending on the context in which signaling occurs, and it has a crucial role 
in cell growth regulation and plant development (Rivas-San Vicente and Plasencia 2011; 
Vanacker et al. 2001). Furthermore, it has been demonstrated that SA can regulate the 
production of antioxidants and is therefore influential on accumulated ROS in plant tissue 
(Hara et al. 2012; Thiruvengadam et al. 2016). Therefore, the present  study reveals that 
under standard growth conditions, a high level of AsA and IAA but low levels of SA are 
present in the flowering buds, the most active organs of cell division. 
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In conclusion, the concentration of AsA in leaves is dependent on the age and size and 
the organs of propagation (flowers and siliques) are the major sites of AsA accumulation. 
AsA may also play a role in modulating the levels of plant growth regulators. In addition, 
Iso-AsA is a reliable internal standard for use in determining AsA concentration in plant 
extracts. 
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Chapter 3 : The morphology and physiology of AsA deficient 
twn1-1 and fis2-6 Arabidopsis mutants  
3.1 Abstract 
Plant growth and yield largely depends on the intracellular chemical interactions, AsA is 
one of the most import antioxidants in the plants and has a crucial role in plant growth 
and development. The level of AsA in Arabidopsis controlled by several pathways, which 
involves a large gene network, and a specific function of the individual gene in each 
pathway has remained unknown. In the present study, four mutants that are the knockout 
of the GDP-mannose pyrophosphorylase (GMP) gene encoded by VTC1, GDP-L-
galactose phosphorylase (GGP) encoded by VTC5, cytosolic ascorbate peroxidase 
(APX1) and mitochondrial dehydroascorbate reductase (DHAR1) were examined. The 
average of total AsA was found to be reduced to 27.5 % in the vtc1-1and 58.5 % in 
dhar1of that in the WT Col-0, but vtc5-1, apx1 and Col-0 showed no significant 
difference. The highest level of total AsA was found in the flowers and siliques across 
the aerial organs and a high level of expression of AsA pathways and related genes found 
in the flowers compared with that in the leaves in the studied Arabidopsis lines. The 
number of flowers per inflorescent, flowers per plant and siliques per plant was found to 
be reduced significantly in the vtc1-1, vtc5-1, apx1 and dhar1 compared with that in Col-
0. Thus, it has been suggested that the activity of cell division increased the level of AsA 
and due to a significant influence of AsA in the yield of flowers and siliques lead to 
conclude that AsA may play a role in the embryogenesis. Therefore, in the present study, 
AsA level determined in the twn1-1 that is produced an extra embryo from the suspensor 
and in the fis2-6 that is produced a viable seed without fertilisation. No significant 
difference was found in the level of total AsA in the twn1-1 compared with that in WT 
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Ws and in the fis2-6 compared with that in the WT C24, however, a high level of 
expression of AsA pathways and related genes found in the flowers and leaves of the 
twn1-1. Consequently, it has been suggested that AsA is an essential molecule for plant 
growth and yield, however, due to the complex AsA pathways, compensation occurs to 
make up any deficiencies.    
3.2 Introduction 
AsA is an essential redox buffer to plants as it is to animals. AsA plays a major role in 
many cellular events including the regulation of photosynthesis, hormone biosynthesis, 
regeneration of other antioxidants, modulation of flowering time, senescence and gene 
regulation (Barth et al. 2006; Boyes et al. 2001; Foyer et al. 1994; Lisko et al. 2013b; 
Pastori et al. 2003; Shao et al. 2008). 
In contrast to animals, which utilize D-glucuronate as a precursor for AsA formation, 
plants rely on four main and alternate routes for AsA synthesis: the D- galactose, 
galacturonate, gulose, and myo-inositol pathways, in addition to degradation and 
recycling pathways (Agius et al. 2003; Chen et al. 2003; Green and Fry 2005; Loewus 
and Kelly 1963; Wheeler et al. 1998; Wolucka and Van Montagu 2003).  
Plant morphology and growth reflect plant productivity. In Arabidopsis, lines that are 
deficient in enzymes involved in AsA metabolism showed a significant reduction of 
vegetative and reproductive growth and biomass accumulation (Conklin et al. 2000). For 
example, VTC and its loci play a pivotal role in plant growth and there was a 20% 
reduction of the number of rosette leaves in vtc1-1, vtc2-1, vtc3-1, and vtc4-1 when grown 
under short and long days compared with that in the WT Col-0 (Conklin et al. 2000; 
Kotchoni et al. 2009; Pastori et al. 2003). In another example, transgenic Solanum 
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tuberosum that had reduced levels of GMP (VTC1) to 30-50% of WT in leaf cell walls 
had accelerated senescence and found a decrease in yield of between 8-31% (Keller and 
Kossmann 1999). Similarly, suppression of DHAR expression in Nicotiana tabacum 
resulted in a partial loss of chlorophyll, reduced plant height and leaf number and 
accelerated senescence (Chen and Gallie 2006).  
The transition from the vegetative to the flowering stage is controlled by environmental 
and endogenous signals. In Arabidopsis, a high level of the AsA precursor, L-GAL, 
delayed flowering time, fruit ripening and expression of LEAFY (LFY) the gene that 
encodes a key transcription factor that integrates different flower induction pathways 
(Attolico and De Tullio 2006; Badejo et al. 2007; Barth et al. 2006). In addition, 
suppression of GalLDH in Oryza sativa L. resulted in a loss of chlorophyll and protein 
content, a slower rate of plant growth and lower seed set compared with plants that 
expressed GalLDH (Liu et al. 2011). GGP (VTC5) a homologue of VTC2 controlled the 
circadian clock in Arabidopsis (Dowdle et al. 2007). Furthermore, the enzymes in the 
galactose pathway have a crucial influence on plant metabolism, however, there are few 
studies on the morphological and physiological alterations that are related to deficiencies 
in specific pathway enzymes and also that of the degradation and recycling pathways.  
During seed development in various plants, a high level of AsA was found in the 
embryogenesis phase compared with the mature phase (Arrigoni et al. 1992; De Gara et 
al. 2003; Stasolla and Yeung 2001; Zein Eldin and Ibrahim 2015). In Brassica napus L., 
an increase of microspore embryogenesis was found by increasing the concentration of 
AsA in the media on which they were grown (Hoseini et al. 2014). These studies and 
others show that AsA and, specifically, the enzymes in the galactose pathway have a 
crucial role in reproduction and embryogenesis.   
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AsA is the most abundant antioxidant in plants. The mechanism of ROS accumulation in 
plants is controlled by APX in the degradation pathway of AsA biosynthesis (Smirnoff 
2000). Isoenzymes of APX are distributed in mitochondria, cytosol and peroxisomes and 
in different plant species they play essential roles in scavenging ROS under variously 
stressful environments (Kim et al. 2015; Suzuki et al. 2013; Yan et al. 2003). Similarly, 
in the AsA recycling pathway, GSH functions as an electron donor for DHAR, 
regenerating AsA through DHA reduction and in scavenging or removing H2O2 in the 
cell (Noctor and Foyer 1998; Potters et al. 2004). Various studies show that DHAR 
expression is linked to increases in tolerance to abiotic stress during recycling of AsA (Le 
Martret et al. 2011; Noshi et al. 2016). APX and DHAR have been shown to be ROS 
scavengers but their involvement in plant growth and development is not completely 
understood. 
That there is involvement of AsA in cell division and expansion is quite well established 
(Correa-Aragunde et al. 2013; Dhar et al. 1980; Joo et al. 2001; Newcomb 1951). It has 
been also found in several studies that the recycling pathway of AsA is associated with 
stimulation of cell division, such as via up-regulation of DHAR during somatic 
embryogenesis (Bailly 2004; Belmonte and Yeung 2004; Pan et al. 2009). Interestingly, 
over expression of DHAR in the zygote switched anticlinal to periclinal cell division and 
increased monozygotic twinning (two identical embryos) in tobacco DHAR 
overexpression lines, and injection of AsA within two days after pollination induced cell 
division in the ovary and increased the frequency of twinning embryos (Chen and Gallie 
2012).  
One unanswered question is if AsA is involved in the modification of cell division or in 
the pollination and fertilization process does it follow that increased total levels of AsA 
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will be modified seed development and increased the yield? In Arabidopsis, twin embryos 
developed in tandem within an individual seed and are connected by intact segments of 
the suspensor and further, irregular patterns of cell division occurred in the EMBRYO 
DEFECTIVE 214 (twn1-1) mutant (Vernon and Meinke 1994; Vernon et al. 2001; Zhang 
and Somerville 1997), on the other hand, in the FERTILIZATION INDEPENDENT SEED 
2 (fis2-6) mutant, viable seed is initiated in the absence of fertilization (Guitton et al. 
2004). Therefore, an analysis of the morphology, physiology and AsA content in twn1-1 
and fis2-6 mutants would provide insights into whether AsA induces twinning or produce 
seeds without fertilization. 
In the present study, a range of AsA pathway mutants was examined in detail to determine 
the impact of the mutation on plant morphology, growth and seed yield. Four lines of 
Arabidopsis defective in AsA biosynthesis were examined in addition to the twn1-
1mutant and the fis2-6 mutant as tools to further our understanding of the relationship 
between AsA and embryo development. The study focussed on the level of AsA in 
different aerial organs of Arabidopsis WT and the mutants along with the quantitation of 
several key morphological parameters. 
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3.3 Materials and Methods 
3.3.1 Plant materials and growth conditions  
Seeds of AsA deficient Arabidopsis (thale cress) mutants, CS23886 (twn1-1) and its 
background Wassilewskija (Ws) and fis2-6 and its background C24 were obtained from 
The Arabidopsis Biological Resource Center (ABRC, The Ohio State University, USA. 
www.arabidopsis.org) (Table 3-1) and Colombia (Col-0) from (LEHLE, Texas, USA). 
For surface sterilization, seeds were placed into a 1.5mL micro centrifuge tube with 50% 
(v/v) ethanol and 5% (v/v) of  H2O2 (30% solution, Sigma-Aldrich) for 5 min, washed 3 
times with sdH2O, and suspended in sterile 0.15% (w/v) agar in sdH2O. The suspended 
seeds were placed onto MS medium in a plastic Petri dish (90mm diameter). The Petri 
dishes were sealed with a plastic paraffin film (Parafilm) and stratified in the dark at 4˚C 
for 2-3 days before transferring into a growth chamber (Thermoline Scientific, Australia) 
under cool white fluorescent lights with a light intensity of 100 μmol m-2 s-1 with 16/8h 
day/night cycle at 21˚C. After 14 days, seedlings were transferred to soil (Debco® 
Premium potting mix, Debco, Victoria, Australia) in pots (10 cm high ×10 cm diameter) 
with 5 plants of Col-0, vtc1-1, vtc5-1, apx1 and dhar1 per pot, and one plant of twn1-1, 
fis 2-6, Ws and C24 in a pot (5 cm high × 5 diameter). All growth parameters were 
measured 40 - 55 days after planting of seeds, corresponding to a time at which 30% of 
flowers had opened in WT Col-0 (Boyes et al. 2001) . 
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Table 3-1: Arabidopsis mutants used in this research. 
Stock number/ 
Locus  
Name/ 
Genotype 
Mutagen Description Reference  
CS8326 
AT2G39770 
vtc1-1 
homozygous 
ethyl 
methanesulfonate 
Encodes a GDP-mannose 
pyrophosphorylase/ 
mannose-1-
pyrophosphatase. 
(Conklin et al. 
1999) 
CS27942 
SALK_000989C 
AT5G55120 
vtc5-1 
homozygous 
T-DNA insertion Encodes a GDP-L-
galactose phosphorylase. 
(Dowdle et al. 
2007) 
CS859568  
SALK_088596 
AT1G07890 
apx1 
homozygous 
T-DNA insertion  Encodes a cytosolic 
ascorbate peroxidase. 
(Peleg-
Grossman et al. 
2010) 
SALK_005238 
AT1G19570 
dhar1 
Mixed 
population 
T-DNA insertion Encodes a mitochondrial 
dehydroascorbate 
reductase   
(Yoshida et al. 
2006) 
CS23886 
AT1G25410 
twn1-1 
homozygous 
T-DNA insertion Seeds contain embryos that 
display suspensor 
proliferation or 
polyembryony 
(Vernon and 
Meinke 1994) 
CS6998 
AT2G35670 
fis 2-6 
heterozygous 
Gamma rays Autonomous seed 
development is initiated in 
absence of fertilization 
(Guitton et al. 
2004) 
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3.3.2 Identification of homozygous dhar1 plants 
Arabidopsis dhar1 seeds were of a mixed zygosity population (Table 3-1). Therefore, 
individuals homozygous for the mutation were identified for collec tion of seeds for 
further experiments. The analysis was conducted on 15 plants that were 30 days old. 
Identification of zygosis was conducted in a two step process: First by PCR of gDNA and 
second by RNA expression using reverse transcription PCR.     
3.3.2.1 DNA extraction  
DNA purification of homogenised tissue from two to three fully expanded leaves from 
30-day-old plants was conducted using a commercial kit (Promega Wizard® Genomic 
DNA Purification Kit). Briefly, 100 mg tissues from 30-day-old leaves were frozen and 
ground in liquid nitrogen in a microcentrifuge tube into a fine powder using a pestle. 600 
µL of nuclei lysis solution was added, and the tube vortexed for 1 – 3 seconds to suspend 
the powder. The samples were then incubated in a water bath at 65˚C for 15 min.  3µL of 
RNase solution was added to the mixture and samples were incubated at 37˚C in an oven 
for 15 min. 200µL of protein precipitation solution was added and the tube vortexed 
vigorously at high speed for 20 seconds followed by centrifugation for 5 min at 16,000 × 
g. The precipitated proteins formed a tight pellet. The supernatant was carefully removed 
and was transferred into a clean 1.5 mL microcentrifuge tube containing 600µL 
isopropanol at room temperature. The solution was then mixed gently by inversion until 
thread-like strands of DNA formed a visible mass. The DNA samples were then 
centrifuged at 16,000 × g for 2 min at room temperature and the supernatant decanted 
carefully. 600µL of 70% ethanol at room temperature were added and the tube was 
inverted gently several times to wash the DNA followed by further centrifugation at 
16,000 × g for 1 min at room temperature. The final pellet was dried by inverting the tube 
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onto clean absorbent paper for 15 min. 20 µL of DNA Rehydration solution was added to 
rehydrate the DNA by incubating at 65˚C for 1 hour, with mixing the solution periodically 
by tapping the tube. The DNA concentration was then determined using 
spectrophotometry (Nanodrop 1000, NanoDrop Technologies, Inc. Wilmington, DE 
USA) and samples stored at -20˚C. 
3.3.2.2 RNA extraction and cDNA synthesis  
Detached leaves from selected Arabidopsis plants of the dhar1 mutant were frozen and 
ground in liquid nitrogen using a micro pestle and total RNA was isolated (TRI Reagent© 
Molecular Research Center, Inc. Cincinnati, USA). The homogenised 80 – 100 mg of 
powder was placed in a 1.5 mL microcentrifuge tube with 1mL of Trizol (TRI 
Reagent®Sigma) within a fume hood. The samples were incubated for 10 min at room 
temperature and then the tubes centrifuged at 17,500 × g at 4˚C for 10 min. 200 – 300 µL 
of 100% chloroform was added to each sample, the tubes capped securely and then shaken 
vigorously by hand for 15 sec. The samples were incubated for 3 - 5 min at room 
temperature and then centrifuged at 17,500 × g for 15 min at 4˚C. The aqueous phase of 
the sample was removed by tilting the tube at 45˚ and pipetting the solution out using a 
pipette. 600µL of 100% isopropanol was added to the aqueous phase, incubated at room 
temperature for 10 min and then centrifuged at 17,500×g for 10 min at 4˚C. The 
supernatant was removed, leaving only an RNA pellet. The pellet was washed two times 
with 1 mL of 75% ethanol prepared with RNase-free water, vortexed briefly and the tube 
centrifuged at 8750 × g for 5 min at 4˚C. The RNA pellet was air dried for 5 - 10 min 
resuspended in 20µL RNase-free water and incubated in a water bath at 60˚C for 10 min. 
RNA concentration was measured using a Nanodrop-1000 Spectrophotometer. To 
remove excess DNA contamination a commercial kit was used (Deoxyribonuclease I, 
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Amplification, Invitrogen Life Technologies) and following manufacturer’s instructions. 
1 µg RNA from each sample was treated with 1 µL of 10× DNase I reaction buffer, 1 µL 
DNase I amplification grade 1U/µL and add DEPC treated water to 10 µL, then incubated 
for 15 min at room temperature. The DNase I was inactivated by the addition of 1 µL of 
25 mM EDTA solution to the reaction mixture. The samples were heated for 10 min at 
65˚C. The RNA samples were ready to use in reverse transcription. For cDNA synthesis 
a Tetro cDNA synthesis kit (Bioline, Alexandria, NSW) was used. Briefly, 1 µL random 
hexamer, 1 µL of 10 mM dNTP mix, 4 µL of 5 × RT buffer, 1 µL Ribosafe RNase 
inhibitor and 1 µL tetro reverse transcriptase (200 u/µL) were added to purified 11 µL 
total RNA samples. Total volume was brought up to 20µL with DEPC-treated water. 
Samples were mixed gently and incubated for 10 min at 25˚C followed by 30 min at 45˚C, 
5 min at 85˚C, the reaction then cooled to 4˚C in a PCR machine (MJ Research PTC-200 
Thermal Cycler, Bio-Red, Australia) and then samples stored at -20˚C.  
3.3.2.3 Polymerase chain reaction (PCR) for DHAR1 detection  
For gene expression analysis, reverse transcription PCR was used. To a 0.2 mL 
microcentrifuge tube (Axygen Scientific, Inc. Union City, CA, US) the following 
reagents were added: 10 µL GoTaq® (Promega), 0.5 µL of 10 µmol of DHAR1 gene F-
primer 5’TGGCTCTGGAAATCTGTGTG 3’, 0.5 µL of 10 µmol R-primer 
5’CTTTTGAAATGGCCAA GAGC 3’), 1 µL of previously prepared gDNA or cDNA 
and 8 µL DEPC-treated water to give a total volume of 20 µL. In addition, to identify 
plants containing T-DNA inserted in the gene of interest, a T-DNA primer sequence 5’-
CGG GCTATTCTTTTGATT’3 was added to PCR master mix. The tubes were then 
subjected to PCR machine (MJ Research PTC-200 Thermal Cycler, Bio-Rad, Australia). 
PCR-cycling conditions comprised an initial polymerase activation at 94˚C for 3 min, 
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followed by 35 cycles of denaturing DNA at 94˚C for 30 sec, primer annealing at 50˚C 
for 30 sec and extension step at 72˚C for 50 sec. PCR products were then loaded onto a 
1.8% agarose gel and subjected to electrophoresis at 80 volts. 
3.3.3 AsA defective mutant confirmation 
Four Arabidopsis lines namely VTC1, VTC5, APX1 and DHAR1 with defects in various 
AsA pathways, were studied to examine their morphology and physiology. An initial 
experiment was conducted to test for homozygosity of seeds. Rosette leaves 30 days old 
were detached and frozen in liquid nitrogen then proceeded for RNA, cDNA synthesis 
and gene expression analysis as mentioned in section (3.3.2.2 and 3.3.2.3) except for 
primers which are detailed in Table 3-2. 
3.3.4 Semi-quantitative reverse transcription PCR analysis for screening AsA 
pathway genes  
Rosette leaves and flowering buds (opened and unopened) of twn1-1 and Ws were 
detached from plants 55 days after planting. Samples were frozen in liquid nitrogen and 
homogenised tissue was used for RNA extraction. cDNA synthesis and gene expression 
analysis were performed as described in section (3.3.2.2 and 3.3.2.3) and  table 3-2 shows 
the details of the primers used. PCR-cycling conditions comprised an initial polymerase 
activation at 94˚C for 3 min, followed by cycles of denaturing DNA at 94˚C for 30sec, 
primer annealing showed in table 3-2 for 30 sec and extension step at 72˚C for 30 sec. 
PCR products were then subjected to electrophoresis on a 1.8% TBE agarose gel at 80 
volts.  
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Table 3-2: PCR conditions for each AsA biosynthesis pathway gene examined in this study. VTC1 (GDP-
mannose pyrophosphorylase), VTC5 (GDP-L-galactose pyrophosphorylase), APX1 (cytosolic ascorbate 
peroxidase), APX3 (microsomal ascorbate peroxidase), sAPX (chloroplastic stromal ascorbate peroxidase), 
tAPX (chloroplastic thylakoid ascorbate peroxidase), DHAR1 (mitochondrion dehydroascorbate reductase) 
cytDHAR (cytosolic dehydroascorbate reductase), chlroDHAR (chloroplast dehydroascorbate reductase) 
and EF (Arabidopsis elongation factor), used as a housekeeping gene for standardisation.  
 
Primer name 
(Locus) 
Template strand  
 (Sequence (5`- 3`) 
A. tm. 
(˚C) 
Number 
of cycles 
Product 
length (bP) 
VTC1 
(AT2G39770) 
F: TCACAAATCTCACGGTGGGG 
R: ATGGCAACGTCTGGTCCAAT 
56 35 453 
VTC5 
(AT5G55120) 
F: CAGTCTAGGCGCTTTCGCTA 
R: ACTCATCTCCCAAACCGCTG 
58 33 376 
APX1 
(AT1G07890) 
F:GCTTTATCTGGTGCCCACAC 
R:TCACAGCTTAAGCATCAGCAA 
56 33 623 
APX3 
(AT4G35000) 
F: ATCGAAGACCGGTGGACCTA 
R: CCCAGAGTATGACCCCCTGA 
57 33 345 
sAPX 
(AT4G08390) 
F: ACCACCGCCGCTACTAAATC 
R: TAGCAGGTGAAGGAGGACCA 
57 33 439 
tAPX 
(AT1G77490) 
F: TAGGGAGAGCCAGACCAGAC 
R: TAAGCTTGGCATGGGCTTCA 
57 33 282 
DHAR1 
(AT1G19570) 
F: CAACGGGCTCTTCTCACACT 
R: CATGGGGAAAGCTCTCAGGG 
56 33 469 
cytDHAR 
(AT1G75270) 
F: CTGATGTTCTCGGCGACTGT 
R: GCCTTCTCGGATCCGTCATT 
57 33 325 
chlroDHAR 
(AT5G16710) 
F: TCACCACTCCCAACAAGCTC 
R: GCCAAGGACAAATCTGCTGC 
57 33 430 
EF 
(AT5G60390) 
F: AAACTTAAGGCCGAGCGTGA 
R: TATTTGGGGGTGGTGGCATC 
56 30 302 
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3.3.5 Determination of morphological parameters 
3.3.5.1 Plant height 
Plant height was determined as the distance between the upper limit of the main 
photosynthetic tissues (excluding inflorescence) and the soil surface. The main stem was 
measured from the soil surface to the top of the flowering meristem using a 30cm ruler. 
3.3.5.2 Number of flowering stems  
The number of flowering stems (inflorescence stalks) is a measure of density (flowering 
stems/plant). The main and secondary flowering stems were counted. The main flowering 
stems are stems elongated from the meristem which ends with the first flowering bud. 
The secondary flowering stems are flowering stems produced on the main stem that is 
shorter than the main stem (Figure 2-14).   
3.3.5.3 Number of rosette leaves 
Leaves are the major location of photosynthesis and can be used to predict the quality and 
quantity of a plant product (Matsuki and Koike 2006). All leaves were counted except 
leaves that formed on the flowering stem (Cauline leaves) on each plant. 40 days after 
transplanting plants into soil, five plants were selected randomly, removed from the soil 
and roots, stems and leaves separated. The leaves were sorted into size. 
3.3.5.4 Leaf area 
The largest 10 fully expanded leaves were selected from each plant, flattened on a flat 
surface and images were taken (Canon digital camera, EO5 700D, Japan). Leaf areas were 
calculated using the image analysis software (ImageJ®, National Institutes of Health, 
USA). 
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3.3.5.5 Fresh and dry weight of rosette leaves 
Fresh and dry weight measurements are used as a measure of plant biomass and are the 
basis for the calculation of net primary production and growth. All the rosette leaves were 
removed and separated from the flowering stems and roots. Rosette leaves were weighed 
using a microbalance to determine fresh weight. To determine dry weight, leaves were 
then dried for at least 48h at 75˚C in an oven.    
3.3.5.6 Number of flowers per plant  
The number of flowers in each inflorescence and the total per plant is a predictor of seed 
yield. Therefore, the number of open and unopened flowers were counted individually for 
each flowering meristem with the aid of a dissecting microscope (Leica). The total 
number of flowers per plant was calculated as the summation of the number of flowers in 
each inflorescence or the average number of flowers in inflorescence multiply to the 
number of secondary flowering stems.  
3.3.5.7 Number of siliques per plant  
Siliques or pods are the developed ovaries of each flower after pollination and 
fertilization. The number of siliques was calculated by counting at differing stages, from 
silique set (after fertilization) to the green stage (seed set).  
3.3.5.8 Length of silique 
To evaluate the average size of product, length of silique was measured using digital 
photos and ImageJ® software. Twenty siliques at seed set stage were chosen randomly 
from the lowest to the uppermost of the first main flowering stem.  
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3.3.5.9 Number of seeds per silique 
At seed set stage, 20 siliques per plant were fixed in 80% ethanol (Suzuki et al. 2013). 
Images were obtained using a dissecting microscope (Leica) connected by a digital 
camera (MC 120) and seeds then were counted with ImageJ® software using the cell 
counter feature.     
3.3.5.10 Number of seed per unit weight  
To find out the average number of seeds per unit weight, a 5 mg sample of seeds from 
each line was weighed using a microscale and a photo captured using a dissecting 
microscope (Leica) with attached digital camera. Seeds were then counted by ImageJ® 
software using the ‘cell counter’ feature. 
3.3.6 Chlorophyll quantification  
Chlorophyll a and chlorophyll b was quantified by HPLC (Arar 1997) (reverse-phase C18 
column, Alltech, Apollo HPLC Column, packing of 5 µm particle size, 4.6 × 250 mm). 
Table 3-3 shows the HPLC running conditions. Chlorophyll extraction was performed by 
grinding 100 mg of leaves within liquid nitrogen, following by the addition of 1mL of 
100% methanol HPLC grade. Samples were vortexed for 30sec then centrifuged for 10 
min at 17,500 × g at 4˚C. The supernatant was then filtered with 0.45 µm syringe filter 
(Acrodisc Thermo Fisher Scientific) and aliquoted into an HPLC vial for injection. A 
standard curve for chlorophyll a and chlorophyll b (both from Sigma-Aldrich Pty. Ltd., 
NSW, Australia) was determined by using serial concentrations (0, 0.7, 1.4, 2.8, 5.6, 11.2, 
22.4 µmol) prepared from a stock solution of (44.8 µmol) in methanol. Retention time for 
chlorophyll a and b was 15.9 and 14.6 mins respectively. The µmol/g concentration was 
calculated using a standard curve equation 𝑦𝑦 = 51.874 𝑥𝑥 + 2.615  and 𝑅𝑅2=1 for 
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chlorophyll a and  𝑦𝑦 = 17.533𝑥𝑥 + 1.0695 and 𝑅𝑅2 = 1 for chlorophyll b (Appendix B-
1).  
Table 3-3: Reverse-phase HPLC settings and gradient parameters for chlorophyll a and b determination. 
Conditions 
Mobile phase 
Solvent A Acetonitrile: Methanol: (Tris buffer 0.1M pH 8) (84:2:14) 
Solvent B Methanol: Ethylacetate  (68:32) 
Flow rate 1mL/min  Running time and elution 
Temperature 30˚C Time (min) Solvent A % Solvent B% 
Wavelength 435nm 0 100 0 
Injection volume 15µL 2 70 30 
Stop time 25 min  12 0 100 
Post run time 6 min  
18 0 100 
20 70 30 
25 0 0 
 
3.3.7 AsA quantification  
AsA was extracted from the leaves, stems, flowers and siliques of 12 plants and quantified 
at 55 days of age for Col-0, vtc1-1, vtc5-1, apx1, dhar1, Ws , twn1-1, C24 and fis2-6. The 
protocol described in chapter two section 2.3.4 (Kka et al. 2016) was followed to 
determine the concentration of AsA.  
3.3.8 Experimental Design 
For all parameters examined three independent experiments were conducted using a 
complete randomized design. Data was collected from an average of ten plants in each 
experiment for plant height, the number of flowering stems, the number of rosette leaves, 
leaf area, fresh and dry weight. Data collected for the number of flowers, the number of 
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siliques per plant, the length of silique, the number of seeds per silique, chlorophyll, and 
AsA quantification, was average of five plants in each experiment. Data analysed using 
IBM SPSS statistics 22 and tested by Duncan Multiple Range Test (DMRT) at 0.05 level 
of significance.   
3.4 Results  
3.4.1 The morphology and physiology of AsA deficient Arabidopsis mutants.  
3.4.1.1 Identification of homozygous dhar1 plants  
Identification of homozygous seedlings from a mixed population of SALK_005238 seeds 
containing a T-DNA insertion within dhar1 was conducted using polymerase chain 
reaction. Firstly, the quality of isolated genomic DNA from 15 plants of the dhar1 mixed 
population and Col-0 background control plants was assessed (Figure 3-1 a). The DNA 
was then screened using PCR to determine the presence of the intact DHAR1 gene.  PCR 
results showed that the DHAR1 fragment (952 bp) in plants numbered 4, 5, 12 and 13 was 
absent (Figure 3-1b). Therefore, to identify plants containing T-DNA inserted in the gene 
of interest, a T-DNA primer was added to PCR master mix. The gel electrophoresis result 
showed no fragments at 952bp in plants numbered 1, 3, 4, 5, 12, 13 and 14 (Figure 3-1 
c). This indicates that these plants are heterozygous for the mutation; they contain one 
gene copy with the T-DNA insertion and one normal gene copy. To confirm homozygous 
T-DNA insertion lines, RNA isolation was performed. PCR amplification of cDNA 
isolated from T-DNA homozygous lines was used to confirm that the DHAR1 gene was 
not expressed in plants numbered 4, 5, 12 and 13 (Figure 3-2). Results show a DHAR1 
fragment (508bp) in plant numbers 3, 6, 14 and Col-0 and no DHAR1 expression in plants 
numbered 4, 5, 12 and 13. Therefore, these plants were labelled and were grown to 
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maturity to collect seeds. To confirm that the next generation of seeds was a homozygous 
knockout of DHAR1, seeds were germinated on MS media and then transferred to soil 
after 14 days and RNA again extracted from leaves of five randomly chosen plants. It was 
found that all five plants were knockouts of DHAR1, further confirming the seed batch 
designation (Figure 3-3).  
 
Figure 3-1: Screening Salk-005238 gDNA for the absence of DHAR1 T-DNA insertion in seed stock of 
Arabidopsis.  (A) DNA extracted from leaves after 30 days planting in a soil of a mixed population of 
SALK_005238 and the wild type Col-0 background. Numbers refer to the individual plants tested, and the 
white arrow refers to the band.  (B) Gel electrophoresis image of PCR product using DHAR1 primers to 
produce a band of 952bp.  (C) Confirmation of the presence of the T-DNA insertion using T-DNA primer 
added to PCR master mix (GoTaq, F-primer, R-primer). 
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Figure 3-2: Screening for expression of DHAR1 in cDNA of putative SALK_005238 homozygous plants 
of Arabidopsis. Numbers refer to the individual plants tested from gDNA screening (Figure 3-1). PCR 
amplification of DHAR1was conducted on cDNA isolated from previously identified T-DNA homozygous 
lines (4, 5, 12 and 13). Several other lines (3, 6 and 14) that showed the presence of DHAR1 in gDNA were 
included as was Col-0 as a control. The expected product of DHAR1 amplification from cDNA was 508bp. 
 
 
 
Figure 3-3: Screening for DHAR1 expression in next generation of selected Arabidopsis SALK_005238 
and Col-0. Numbers refer to the individual plants tested from the next generation plants of dhar1. The 
expected product size of 508bp was amplified in Col-0, and absent in five randomly chosen plants from 
next generation of dhar1. 
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3.4.1.2 Confirmation of AsA deficient Arabidopsis mutants 
Four Arabidopsis mutant lines with defective AsA biosynthesis pathways, namely vtc1, 
vtc5, apx1 and dhar1 mutant were selected to examine the effect of the mutation on plant 
morphology and physiology. Confirmation that the mutants were deficient in the gene 
was conducted using PCR. Figure 3-4 shows that VTC1 was expressed in vtc1-1 compared 
with that in Col-0. Previous study shows that the knockout vtc1-1 is confirmed by a semi-
dominant monogenic mutation (Conklin et al. 1996; Conklin et al. 1999), and the 
sequences of both vtc1-1and vtc1-2 contain the identical single cytosine to thymine point 
mutation at position + 64 relative to the first base of the presumed initiator methionine, 
therefore the not expected expression was detected. In addition, a high expression of 
VTC1 was found in apx1 leaves and less expression in dhar1 leaves compared with that 
in Col-0. VTC5, APX1 and DHAR1 genes were unable to be amplified from vtc5-1, apx1 
and dhar1 plants, respectively, confirming their previously described mutation. 
Interestingly, there was slightly less expression of VTC5 found in vtc1-1 and dhar1 
compared with Col-0. Whereas, a similar expression of APX1 was found in vtc1-1 and 
slightly less in vtc5-1 and dhar1 compared with that in Col-0. DHAR1 shows similar 
expression in vtc1-1 and vtc5-1, with slightly higher expression in apx1 compared with 
that in Col-0.   
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Figure 3-4: Screening for VTC1, VTC5, APX1 and DHAR1 expression in the leaves of AsA deficient 
Arabidopsis mutants for confirmation of the mutation.   Names on the left represent genes and top line 
represents mutant designations vtc1-1, vtc5-1, apx1, dhar1and its background Col-0. Individual genes tested 
in the leaves of mutant and Col-0 under same conditions mentioned in section (3.3.3). Results shown are 
representative of two independent experiments.     
 
3.4.1.3 Total AsA level in the aerial organs    
High-performance liquid chromatography (HPLC) was conducted to quantify AsA levels 
in vtc1-1, vtc5-1, apx1 and dhar1 mutants compared with WT Col-0 plants (Figure 3-5). 
Tissues from various aboveground organs were collected from 55-day-old plants, in 
which typically 10% of siliques had entered the maturation stage. Generally, the highest 
level of total AsA was found in the flowers and then in descending order, siliques, leaves 
and stems. Total AsA levels in all examined organs of vtc1-1 showed a significant 
reduction compared with Col-0. In addition, stems and leaves accumulated the lowest 
level of AsA in all tested lines. The concentration of total AsA was similar in the leaves 
and stems of vtc5-1 and apx1, however, a significant reduction was found also in dhar1 
compared with that in Col-0. Surprisingly, apx1 showed a significant increase in total 
AsA in the flowers compared with that in Col-0. The flowers and siliques showed a 
reduction in total AsA in dhar1 and vtc1-1 compared with that in Col-0, respectively.  
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Figure 3-5: Quantitation by HPLC of total AsA in various aboveground organs of AsA deficient 
Arabidopsis mutants.  Tissues of Arabidopsis WT (Col-0) and mutants (vtc-1-1, vtc5-1, apx1, and dhar1), 
were collected from 55-day-old plants. The figure shows five Arabidopsis lines and four different organs 
for each line from left to right the bars are for leaves, stems, flowers and siliques. Values with different 
letters indicate significant difference at P < 0.05 according to the Duncan multiple range test. n = 3, error 
bars represent ± SD.  
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3.4.1.4 The morphology of AsA deficient Arabidopsis mutants  
3.4.1.4.1 Plant height and flowering stems  
A combination of plant height and the number of flowering stems are indicative of plant 
architecture (Figure 3-6 a), which  is under strict environmental and genetic control (Ford 
2014). In this experiment, plant height was measured from the surface of the soil to the 
end of the first main flowering stem of a plant. The data shows that vtc1-1 mutation 
deficient in VTC1 reduced plant height significantly compared with that in the WT Col-
0. However, no significant difference was found in vtc5-1, apx1 and dhar1 compared with 
WT Col-0 (Figure 3-6 b). Although most of the mutants produced 3 - 4 main flowering 
stems per plant and 15 - 17 secondary flowering stems, but statistically no significant 
difference found between the mutants and the WT Col-0 (Figure 3-6 c, d). 
3.4.1.4.2 Leaf area and number of leaves  
A significant decrease in total leaf area was found in vtc1-1 compared with Col-0. Figure 
3-7 (a and b) shows leaf area of plants after 40 days growth, with a decrease of density of 
vtc1-1 compared with in the vtc5-1, apx1 and dhar1 and Col-0 plants. Similarly, the 
number of leaves per plant sharply reduced in vtc1-1compared with that in the Col-0 
(Figure 3-7 c, d). On the other hand, vtc5-1, apx1 and dhar1 did not show differences in 
either leaf area or the number of leaves compared with that in the background Col-0. 
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Figure 3-6: Plant height and the number of flowering stems in AsA deficient Arabidopsis mutants. (A) 
Representative images of Arabidopsis WT Col-0 and vtc-1-1, vtc5-1, apx1and dhar1 mutants at 55 days of 
age, scale bar 0.5 cm. (B) Plant height was measured manually from surface of the soil to the end of main 
stems. (C) The number of the main flowering stems per plant. (D) The number of secondary flowering 
stems per plant. Values with different letters indicate significant difference at P < 0.05 according to the 
Duncan multiple range test, n = 3, error bars represent ± SD.  
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Figure 3-7: Leaf area and the number of leaves per plant in AsA deficient Arabidopsis mutants.  (A) 
Representative images of Arabidopsis Col-0 and AsA mutant 40-day-old plants. Scale bar 0.5 cm   (B) 
Averages of leaf area were calculated by using image J software on 10 fully expanded leaves from each 
plant starting from the largest to smallest leaf. (C) The number of leaves of plants at 55 days of age. Scale 
bar 0.5 cm (D) Average of the number of leaves per plant. Values with different letters indicate significant 
difference at P < 0.05 according to the Duncan multiple range test, n = 3, error bars represent ± SD.  
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3.4.1.4.3 Number of flowers   
The number of flowers was determined by counting flowers in each inflorescence and 
calculated the total number for each plant. There was approximately 16 - 19 flowers per 
inflorescence in all WT Col-0 plants, however, the number of flowers per inflorescence 
in vtc1-1, vtc5-1 and apx1 were significantly less than Col-0 (Figure 3 - 8 a, b). At the 
same time, the number of inflorescences per plant was counted which is equal to the 
number of secondary flowering stems per plant (Figure 3 - 6 d). Figure 3 - 8 c shows a 
significant difference in the total number of flowers per plant for vtc1-1, vtc5-1, apx1 and 
dhar1 compared with that in Col-0.  
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Figure 3-8: Number of flowers per inflorescence and whole plant in AsA deficient Arabidopsis mutants. 
(A) Five inflorescence samples were randomly chosen from each line to represent the number of flowers 
per inflorescence. (B) Average number of flowers per inflorescent. Numbers are average of three 
independent experiments. (C) The number of flowers per plant, calculated by counting the number of 
secondary flowering stems per plant and multiplying that by the number of flowers per inflorescence in 
(B). Values with different letters indicate significant difference at P < 0.05 according to the Duncan multiple 
range test, n = 3 , error bars represent ±  SE. 
104 
 
       Chapter 3: The morphology and physiology of AsA deficient twn1-1and fis2-6 Arabidopsis mutants  
3.4.1.4.4 Number and length of siliques  
The number of siliques per plant was counted at 55 days of age. The AsA defective 
mutants produced significantly less fruit (siliques) compared with that in the WT Col-0. 
The lowest number of siliques was found for vtc1-1(Figure 3-9 a). Likewise, the length 
of silique was shorter in vtc1-1 compared with Col-0 and vtc5-1, apx1, dhar1 plants. In 
contrast, no significant difference in silique length was found for vtc5-1, apx1, dhar1 
compared with Col-0 (Figure 3-9 b)  
 
Figure 3-9: Number and length of siliques in AsA deficient Arabidopsis mutants. (A) The number of 
siliques per plant was counted after 55 days of growth. (B) The average length of siliques was determined 
at 55 days  for ten siliques selected from the main flowering stem from15 plants in each experiment. Values 
with different letters indicate significant differences at P < 0.05 according to the Duncan multiple range 
test, n = 3, error bars represent ± SD.  
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3.4.1.4.5 Seed quantity  
Seed quantity was estimated by counting the number of seeds per silique. Twenty siliques 
were chosen randomly from the main flowering stem from five plants for each replicate. 
Seeds per silique were counted using Image J software ‘cell counter’. The silique images 
show that empty spaces appear in vtc1-1 siliques compared with Col-0 and vtc5-1, apx1, 
dhar1 mutants (Figure 3-10 a). The lowest number of seed per siliques was counted in 
vtc1-1. In addition, the number of seeds per unit weight was evaluated by counting the 
number of seeds in 5 mg. The number of seed increased dramatically and significantly 
increased in vtc1-1 and vtc5-1 compared with that in Col-0 (Figure 3-10 b). In other 
words, Col-0 seeds in 5 mg were less than the number of seeds, in ascending order, in 
apx1, dhar1, vtc5-1 and vtc1-1 respectively.  
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Figure 3-10: Number of seeds per silique and per unit weight in AsA deficient Arabidopsis mutants. (A) A 
representative dissecting microscope image of five siliques after removing chlorophyll with 5mm scale bar, 
black star shows the position of the seed gap. The average number of seeds per silique were determined by 
ImageJ® software analysis using the cell counter function. (B) A representative image of 5 mg of seed from 
different lines was weighed, images were then captured with a camera connected to a dissecting microscope. 
The number of seeds was determined using the cell counter function in ImageJ. Scale bar 5 mm. Values 
with different letters indicate significant difference at P < 0.05 according to the Duncan multiple range test, 
n = 3 , error bars represent ± SD.   
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3.4.1.5 Shoot biomass  
Fresh and dry weights were measured for all rosette leaves for plants at 55 days of age. 
The results show a similar trend with a reduction in the fresh and dry weight in all the 
mutants compared with Col-0, however, only vtc1-1 showed a significant reduction in 
biomass when compared with Col-0 (Figure 3-11 a, b).  
 
Figure 3-11: Individual plant biomass of AsA deficient Arabidopsis mutants. Fresh and dry weights were 
measured for all rosette leaves of 55days old plants. Five plants in each replicate were chosen randomly in 
three independent experiments. (A) Fresh weight of fully expanded leaves from each plant. (B) Dry weights 
of the same plants. Values with different letters indicate significant difference at P < 0.05 significant levels 
according to the Duncan multiple range test, n = 3 , error bars represent ± SD.  
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3.4.1.6 Chlorophyll a and b quantity  
The quantity of chlorophyll a and b in the rosette leaves of 55 days old plants of Col-0 
and mutants were determined by HPLC. A chromatogram of 1.5 µmol chlorophyll a and 
b standards is shown in Appendix B-1 a and b, retention time was 15.9 min for chlorophyll 
a and 14.6 min for chlorophyll b. A representative chromatogram of the extract of 
Arabidopsis leaves shows peaks at the same retention time that it was found in the 
standards for chlorophyll a and b in addition to the other peaks (Appendix B-1c). 
Therefore, after optimizing the efficiency of the method, chlorophyll a and chlorophyll b 
were quantified in the AsA deficient Arabidopsis mutants. No significant difference was 
found in the quantity of chlorophyll a in the mutants compared with that in the WT Col-
0, however, the quantity of chlorophyll b was found to be reduced significantly in the 
vtc1-1 compared with that in the Col-0 (Figure 3-12).  
 
Figure 3-12: Quantitation of chlorophyll a and b in leaves of AsA deficient Arabidopsis mutants. Tissues 
from five plants of Arabidopsis Col-0 and mutants (vtc-1-1, vtc5-1, apx1, and dhar1), were collected after 
55 days, from three independent experiments. Chlorophylls were extracted with 100% methanol.  Black 
bar: Chlorophyll a, white bar chlorophyll b. Values with different letters indicate significant difference at 
P < 0.05 according to the Duncan multiple range test, n = 3 , error bars represent ± SD. 
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3.4.2 The involvement of AsA in embryo development  
3.4.2.1 The morphological and physiological parameters of the vegetative and 
reproductive organs of twn1-1  
The activity of cell division and its relationship to the level of AsA during embryo 
development and the induction of twining embryos was examined.  Arabidopsis mutant 
twn1-1 that generate an extra embryo in the suspensor due to the modification of cell 
division during seed development was examined and compared with that of the 
background WT (Ws). Very few studies have addressed the morphology of plants derived 
from  twn1-1 lines. Figure 3-13 a shows a 30-day-old twn1-1 plant and a Ws plant at 
flowering stage. Flower buds had emerged in most of the twn1-1 and Ws plants, and 
before flower bud elongation had commenced the number of leaves and leaf area was 
measured. A similar comparison was made at 55 days of age (Figure 3-13 b) when  plant 
height, the number of  main flowering stems, the number of secondary flowering stems, 
the number of siliques per plant and the number of seeds per silique were measured.  
The number of leaves in twn1-1 was reduced significantly to 8 - 9 leaves per plant 
compared with that in  Ws, which had 10 - 12 leaves per plant, however, no statistical 
difference was found in total leaf area between twn1-1 and Ws (Figure 3-14 a). A decrease 
and an increase respectively were found in plant height and the number of the main 
flowering stems per plant in twn1-1 compared to that in Ws (Figure 3-14 a). In addition, 
the maturation stage was initiated earlier in twn1-1 compared with that for Ws. 
A comparison of the morphology of the reproductive organs showed a significant increase 
in the number secondary flowering stems and the number of siliques per plant in twn1-1 
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compared with that in Ws (Figure 3-14 b). However, a significant reduction in the number 
of seeds per silique in twn1-1 compared with that in Ws was found (Figure 3-14 b).  
Levels of chlorophyll a and b and AsA were also quantified in the leaves of twn1-1 and 
Ws. Leaves of twn1-1 showed a slight reduction in the level of chlorophyll a, however, 
there was no statistical difference found in the level of chlorophyll a and b in twn1-1 when 
compared with that in Ws (Figure 3-15 a). The highest level of total AsA was found in 
the siliques, flowers, stems and leaves respectively in plants of both Ws and twn1-1, 
however, no significant difference was found in total AsA when the various aboveground 
organs were compared with each other for twn1-1 and Ws (Figure 3-15 b).   
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Figure 3-13: The morphology of twn1-1 and Ws plant. (A) A representative image of Ws and twn1-1 plants 
30 days of age and before the elongation of the flowering stem. Appendix C-1 shows representative images 
of germinated seeds of  Ws and twn1-1. Two plants were grown from one seed of twn1-1, compared with 
one plant of Ws. (B) A representative image of Ws and twn1-1 plants 55 days of age. Ws remains in the 
flowering stage while twn1-1 is at the maturation senescence stage.    
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Figure 3-14: The morphology of vegetative and reproductive organs of twn1-1 and Ws.  The black bar is 
Ws and white bar is twn1-1. (A) Vegetative parameters displaying the average number of leaves, leaf area, 
plant height and the number of the main flowering stems per plant. (B) Reproductive parameters displaying 
the average number of secondary flowering stems per plant, the number of siliques per plant and number 
of seeds per silique. Independent t- test was applied to compare between the mutant and Ws. Values with 
star indicate significant difference at P < 0.05, n = 3 , error bars represent ± SE.  
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Figure 3-15: Chlorophyll a, b and total AsA quantity in the twn1-1 and Ws. The samples from five plants 
of Arabidopsis Ws and mutant twn1-1 were collected after 55 days to quantify chlorophylls and AsA. (A) 
Chlorophyll a (black bar), chlorophyll b (white bar). (B) Total AsA level. Values with different letters 
indicate significant difference at P < 0.05 according to the Duncan multiple range test, n = 3 , error bars 
represent ± SE. 
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3.4.2.2 The morphological and physiological parameters of the vegetative and 
reproductive organs of fis2-6  
To understand whether the fertilization process influences AsA accumulation in the 
reproductive organs and subsequently activity of cell division, the FERTILIZATION 
INDEPENDENT SEED 2 (fis2-6) mutant, where a viable seed is initiated in the absence 
of fertilization (Guitton et al. 2004), was examined. The phenotype of fis2-6 and C24 was 
examined by measurement of several vegetative and reproductive morphological 
parameters of the shoot. Appendix D-1 shows representative images of fis2-6 and C24 of 
the root apical meristem and seedlings and plants at 30 and 55 days of age. The number 
of leaves, leaf area and plant height was significantly greater in the fis2-6 plant compared 
with that in C24 but no significant difference was found in the number of the main 
flowering stems per plant (Figure 3-16 a). Similarly, there were a significantly higher 
number of secondary flowering stems and siliques per plant found in the fis2-6 compared 
with that in C24, but no difference was found in the number of seeds per silique in fis2-6 
compared with that in C24 (Figure 3-16 b).  
No significant difference was found in the amount of chlorophyll a and b for fis2-6 and 
C24, however, chlorophyll b content was significantly less than chlorophyll a content for 
both lines (Figure 3-17 a).  
Total AsA concentration was measured in the aboveground organs of each line at 55 days 
of age. In the fis2-6, the highest levels of total AsA was found in the flowers (open and 
unopened flowering buds), following by siliques, leaves and stems (Figure 3-17 b, white 
bar). In the C24, the highest level of total AsA was found in the siliques followed by 
flowers, leaves and stems (Figure 3-17 b black bar). Both fis2-6 and C24 had the same 
level of total AsA in the siliques, leaves and stem, however, the level of total AsA found 
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in the flowers was significantly higher in fis2-6 compared with that in C24 (Figure 3-17 
b).     
 
 
Figure 3-16: Morphology of the vegetative and reproductive organs of fis2-6 and C24. (A) Vegetative 
morphology: The number of leaves per plant, leaf area, plant height, the number of the main flowering 
stems per plant. (B) Reproductive morphology: the number of secondary flowering stems per plant, the 
number of siliques per plant and the number of seeds per silique. Independent t- test was applied, values 
with a star indicate a significant difference at P < 0.05, n = 3 , error bars represent ± SE. 
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Figure 3-17: Chlorophyll a, b and total AsA quantity in the fis 2-6 and C24. Leaves from five plants of 
Arabidopsis C24 and fis2-6 were collected after 55 days (A) Chlorophylls were quantified using HPLC. 
(B) AsA level in leaves, stems, flowers and siliques of C24 and fis2-6 were quantified using HPLC. Values 
with different letters indicate significant difference at P < 0.05 according to the Duncan multiple range test, 
n = 3 , error bars represent ± SD. 
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3.4.3 AsA pathway gene expression in leaves and flowers   
A comparison of the influence of AsA on gene expression during flowering and embryo 
development was made and compared with that in leaves. Flowers (open and unopened 
flowering buds) and leaves of vtc1-1, vtc5-1, apx1 dhar1 with their background (Col-0), 
twn1-1 mutant and its background Ws, fis2-6 and its background C24, were collected 
from plants at 55 days of age to measure the expression of AsA associated genes. Nine 
genes from AsA pathways including; VTC1 and VTC5 from the main pathway of AsA 
(galactose), APX1, APX3, sAPX and tAPX from the degradation pathway and DHAR1, 
chloDHAR  and cytoDHAR from the recycling pathway were examined.  
A higher level of expression of VTC1 was found in the flowers compared with the leaves, 
except in apx1 plants which showed higher expression of VTC1 in leaves (Figure 3-18 a). 
The level of expression of VTC1 in the dhar1 leaves was less compared with Col-0, while 
its level of expression increased in the flowers of vtc5-1 and dhar1 compared with Col-
0. VTC5 expressed most similarly in flowers and leaves of vtc1-1, vtc5-1, apx1 dhar1 
compared with Col-0. Although higher expression of APX1 was generally found in leaves, 
vtc5-1 showed high expression of APX1 in flowers compared with Col-0. A higher level 
of APX3 expression was found in the flowers compared with leaves of Col-0 plants. 
However, a similar level of APX3 expression was found in the leaves and flowers of vtc1-
1, vtc5-1, apx1 and dhar1 plants. sAPX and tAPX  expression levels were similar across 
leaves and flowers. No DHAR1 expression was found in dhar1 plants, however, a higher 
level of expression of DHAR1 was found in the leaves of apx1 compared with flowers. A 
higher level of chloDHAR expression was found in the leaves compared to flowers of 
Col-0 and apx1 plants, while, the lowest expression of cytoDHAR was found in dhar1 
leaves. Generally, most of the studied genes expressed to a higher level in flowers 
compared to leaves.    
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In a similar manner, expression levels of the same genes involved in AsA biosynthesis 
pathways were examined in the leaves and flowers of Ws and twn1-1 (Figure 3-18 b). 
Higher expression of VTC1 was found in flowers compared to leaves and VTC1 was 
expressed highly also in twn1-1 compared with Ws. High expression of VTC5 in the 
flowers of twn1-1 was found. APX1, APX3, sAPX   all appear to display higher expression 
the in twn1-1 mutant compared with Ws. tAPX expressed highly in the flowers compared 
to the leaves, with twn1-1 flowers displaying a particularly high level of tAPX expression. 
Surprisingly, DHAR1 expressed highly in the leaves of twn1-1 compared with the flowers 
and the lowest expression was found in the leaves of Ws. Similarly, chlorDHAR and 
cytoDHAR were expressed highly in the flowers of twn1-1 compared with Ws. The lowest 
expression of cytoDHAR was found in the flowers of Ws. In summary, high gene 
expression was found in the flowers compared with the leaves and twn1-1 was rich in the 
expression of AsA genes compared with its Ws background. Appendix E-1 shows the 
quantity of band intensity for agarose gel electrophoresis image of leaves and flowers of 
Ws and twn1-1.      
In general, the expression levels of the AsA biosynthesis genes in the leaves and flowers 
were quite similar in both fis2-6 and C24. A clear high level of VTC5 expression was 
found in the flowers of fis2-6 compared to the flowers of C24. Interestingly, the highest 
level of gene expression was DHAR1 expression in the leaves and flowers of C24 and 
fis2-6 compared to the expression of EF and other examined genes (Figure 3-18 c).  
Appendix E-2 shows the quantity of band intensity for agarose gel electrophoresis image 
of leaves and flowers of C24 and fis2-6. 
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Figure 3-18: Semi-quantitative gene expression analysis of various AsA biosynthesis and related genes in 
leaves and flowers.  Genes from AsA biosynthesis pathway: VTC1 (GDP-mannose pyrophosphorylase), 
VTC5 (GDP-L-galactose pyrophosphorylase), APX1 (cytosolic ascorbate peroxidase), APX3 (microsomal 
ascorbate peroxidase), sAPX (chloroplastic stromal ascorbate peroxidase), tAPX (chloroplastic thylakoid 
ascorbate peroxidase), DHAR1 (mitochondrion dehydroascorbate reductase) cytDHAR (cytosolic 
dehydroascorbate reductase), chlroDHAR (chloroplast dehydroascorbate reductase) and EF (Arabidopsis 
elongation factor), used as a housekeeping gene. Results shown are representative of two independent 
experiments (A) Agarose gel electrophoresis for leaves and flowers of Col-0, vtc1-1, vtc5-1, apx1 and 
dhar1. (B) Agarose gel electrophoresis for leaves and flowers of Ws and twn1-1. (C) Agarose gel 
electrophoresis for leaves and flowers of C24 and fis2-6.  
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3.5 Discussion 
The aim of this research was to determine the importance of AsA in the growth and seed 
yield in Arabidopsis under normal growth conditions. WT Arabidopsis Col-0 and a 
number of AsA  deficient Arabidopsis mutants were examined to determine the influence 
of AsA biosynthesis and related knockout genes on plant growth morphology and 
physiology. In addition, the role of AsA on embryo development was investigated by 
quantification of AsA in the twn1-1 and fis2-6 lines.  
Due to the multiple pathways of AsA biosynthesis in plants, a comprehensive study was 
required to determine the effect of AsA on the morphology of plant growth and yield. 
Based on previous studies, individual components of AsA pathways were chosen, 
because of their critical roles in growth and AsA accumulation. Four mutants related to 
AsA biosynthesis (vtc1-1, vtc5-1, apx1 and dhar1) were ordered from The Arabidopsis 
Information Resource (TAIR). However, dhar1 seeds from stock number SALK_005238 
showed a mixed population. DEHYDROASCORBATEREDUCTASE (DHAR) is a major 
enzyme of the AsA recycling pathway, and it has been characterized in several mutants 
of Arabidopsis with the deficiency in DHAR depending on location (mitochondrion, 
cytoplasm and chloroplast). L-Galactone-1, 4-lactone is the last compound that is 
converted to AsA in plant cell membranes by L-Galactono-1,4-lactone dehydrogenase 
(GalLDH) (Smirnoff 1996; Smirnoff et al. 2001), and  80% of GalLDH was found on the 
inner mitochondrial membrane (Bartoli et al. 2000), which indicates that most of the total 
concentration of AsA comes from mitochondria. Therefore, it was firstly necessary to 
isolate homozygous seeds, which was confirmed in two subsequent generations. In the 
first generation, 27 % of plants showed the T-DNA insertion within both copies of the 
gene and were hence a knockout of DHAR1. In addition, knockout DHAR1 plants were 
tested to screen the homozygosity of seed in the next generation. 100% of plants showed 
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DHAR1 absence, which proved the purity of the seed. In short, seeds of dhar1 has been 
identified as a homozygous DHAR1 knockout line and could be used for further studies.      
In the galactose pathway, the main enzyme that converts mannose 1-phosphate to GDP-
D-mannose is GMP. The GMP encoded by VTC1 gene is responsible for the  generation 
of ~75% of AsA in Arabidopsis, as mutant lines contains only 25% of total AsA in WT 
Col-0 (Conklin et al. 1999), which was also confirmed in the present study. vtc1-1  
contains a point mutation (Conklin et al. 1996), which the VTC1 expression cannot be 
detected by normal PCR, however, this line showed a significant decrease in AsA quantity 
and changes in most of the measured growth parameters. GGP catalyses the first step of 
the galactose pathway, which is the first and most dominant route in the biosynthesis of 
AsA (Linster et al. 2007; Linster and Clarke 2008; Wheeler et al. 1998). GGP encoded 
by VTC5 is responsible for the generation of ~10% of AsA in Arabidopsis plants, as 
mutant lines contain 90% of  total AsA in WT Col-0 (Dowdle et al. 2007), which was 
also confirmed in the present study by the absence of VTC5 gene in vtc5-1 mutant plants. 
Cytosolic ascorbate peroxidase (APX1) was characterised by Kubo et al. (1993), and its 
functions as a scavenger of  ROS and heat shock tolerance was discovered by 
Storozhenko et al. (1998). In addition, APX1  has a major role in the degradation of AsA 
(Ishikawa and Shigeoka 2008; Pignocchi and Foyer 2003). APX1 was confirmed to be 
absent in apx1 plants. DHAR1 is a gene involved in the recycling route of AsA 
biosynthesis in plant cell membranes and is not expressed in dhar1 mutant plants. As has 
been noted, true knockout mutants in a suite of enzymes from different pathways related 
to AsA biosynthesis were confirmed in this study compared with background Col-0. In 
view of this, total AsA, and parameters related to morphology and physiology were 
examined and quantified in these mutants.    
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The purpose of AsA quantification of the aboveground organs, the rosette leaves, stems, 
flowers and siliques of mutant and WT plants, was to unravel the effect of deficiencies in 
specific enzymes from different AsA biosynthesis pathways and to understand the 
influence of their cognate genes on shoot architecture and seed quantity. The early stage 
of maturity, 55 days of age, when 10 % of siliques begin to shatter (Boyes et al. 2001) 
was chosen to identify the quantity of total AsA in different organs. Firstly, it was found 
that total AsA varies in different aboveground Arabidopsis organs, and across the mutants 
and Col-0 the highest level of total AsA was found in the flowers, followed by, in order 
of decreasing concentration, that in siliques, leaves and stems. The high activity of cell 
division during flowering and seed development reasonably influence on the 
accumulation of AsA in the flowers and siliques, which level of AsA is associated with 
cell division. Stems accumulate the lowest level of total AsA in aboveground plant 
organs, and compared with Col-0, vtc1-1, dhar1 and apx1 showed a reduction in AsA of 
21, 59 and 83% respectively. One explanation for this reduction in total AsA in stems 
compared with other aboveground organs might be the time of collection of tissues, which 
was at the beginning of the early stage of maturation, a time at the influence of AsA on 
senescence is apparent (Conklin and Barth 2004), in addition to decrease the activity of 
cell division. During senescence, programed cell death occurs and cell division activity 
will be decreased, which correlates with  the findings of the present study where there 
was a dramatic decrease of total AsA in the stems and an increase in the flowers at 55 
days of age. Similarly, siliques showed a decrease in AsA levels to about 29, 94, 89 and 
53% in vtc1-1, vtc5-1, apx1 and dhar1, respectively compared with that found in Col-0. 
The mutant with the absence of the VTC1 gene had the largest effect on AsA 
accumulation, with approximately 30% of AsA found in the leaves and flowers of vtc1-1 
when compared to total AsA in Col-0. Moreover, no difference was found in total AsA 
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in the leaves and flowers of vtc5-1 and there was a ~17% increase in leaves and flowers 
of apx1 compared with Col-0. Increased total AsA in apx1 might be due to the higher 
expression of VTC1 and DHAR1 found in the leaves. The major function of APX is to 
scavenge ROS (Davletova et al. 2005; Li et al. 2015b), and as mentioned in methodology, 
plants were grown under normal conditions (no stress), so it is likely that the level of 
APX1 did not affect the total AsA. Likewise, total AsA in leaves and flowers of dhar1 
reduced to about 50 and 70% compared to that found in WT Col-0. Thus, total AsA 
quantity in plants (summation of total AsA in leaves, stems, flowers and siliques) was 
reduced to 30 and 60% in both of vtc1-1 and dhar1 respectively; meanwhile, there was 
no significant difference in AsA levels in vtc5-1 and apx1 plants compared with Col-0 
grown under normal conditions. It is likely that increased total AsA in the flowering buds 
was the result of increased gene expression in AsA biosynthesis pathways. VTC1, VTC5, 
APX1, APX3, sAPX1, tAPX, chlorDHAR and cytoDHAR  were expressed highly in the 
flowers compared with leaves. In summary, it can be suggested that the level of total AsA 
increases with the increase in cell division activity and decreases with programmed cell 
death. Also, VTC1 is involved to the largest extent in total AsA biosynthesis and 
accumulation in the plants compared with the involvement of VTC5, APX1 and DHAR1.     
At 55 days of age, there was much less chlorophyll b compared with chlorophyll a in both 
the mutants and WT, and there was a significant decrease of chlorophyll b in vtc1-1 
compared with Col-0. Although the reduction in chlorophyll a in vtc1-1 was not 
significantly different to that found in Col-0 it can be suggested that even a small 
reduction in chlorophyll a was enough to stop the chlorophyll cycle and inhibit the 
function of chlorophyll b reductase. Accordingly, it has been shown that AsA deficiency 
induces senescence in Arabidopsis (Barth et al. 2004; Barth et al. 2006), and it was 
revealed that chlorophyll b degradation is required during leaf senescence (Sato et al. 
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2009; Tanaka and Tanaka 2011). Thus, this indicates a complex network of signalling 
that includes the galactose pathway in AsA biosynthesis and the chlorophyll cycle.  
Morphological parameters of the plant provide a set of indicators that can be used to study 
plant development. Different Arabidopsis ecotypes naturally display varied morphology 
and physiology according to their genomic traits. For example, the morphological 
characteristics of Col-0 are very different to those of the ecotypes Landsberg erecta (Laer-
0) and Wassilewskija (Ws-0) (Alonso-Blanco and Koornneef 2000; Passardi et al. 2007). 
By way of illustration, plant size, including growth and flowering are influenced by 
quantitative-trait loci (Mitchell-Olds 1996). A comparison between three Arabidopsis 
ecotypes showed a significantly lower level of total AsA in the leaves of Ws compared 
with Col-0 and C24 (Appendix F-1). It was shown also that plants in the vegetative stage 
(C24) had a higher level of AsA than plants that were flowering (Col-0) and at seed set 
(Ws) stage. Therefore, it was important to study the influence of the specific knockout 
gene in the AsA pathway on the morphology of the plant. Mutants defective in AsA 
biosynthesis were shorter in plant height and produced fewer leaves, had lower leaf area 
and the number of flowers per plant compared with that in Col-0, and these results agree 
with the phenomenon of plant height and number of branches as an indicator of the ability 
of a plant to compete for light and product size (Falster and Westoby 2003). For example, 
total AsA decreased to about 21% in stems and 30% in the leaves and contributed to 
reducing plant height to about 72% and the number of leaves and leaf area to about 75% 
in vtc1-1. As mentioned above vtc1-1 is deficient in GMP which is used for AsA 
biosynthesis and cell wall carbohydrate biosynthesis and induces cell expansion (Conklin 
et al. 1999; Gibeaut 2000). Thus, in the knockout VTC1 plants, height was reduced  and 
leaf area significantly lower compared with those in Col-0. However, it was found that 
less than or equal 50% reduction in total AsA in stems and leaves did not affect vegetative 
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parameters. In addition, it had been previously shown that AsA concentration affects 
flowering time, cell division and activity of plant hormones (Barth et al. 2006; 
Krishnamurthy et al. 2015b; Liso et al. 1984), which correlates with a decrease in the 
number of flowers and biomass in the studied mutants compared with Col-0.    
Seed quantity was determined by counting the number of silique per plant, seeds per 
silique and per unit weight. VTC1 was found to play a major role in determining seed 
quantity, while VTC5, APX1 and DHAR1, were also found to influence the number of 
siliques per plant and the number of seeds per silique compared with Col-0. Decreased 
leaf area and the number of leaves per plant have a crucial effect on seed yield (Akiyama 
and Ågren 2012). Thus, vtc1-1 showed a significant reduction in the number of leaves per 
plant and leaf area that correlated with reduced seed quantity. Plants defective in APX1 
functioned similarly as Col-0 in regards to seed quantity. The main function of the APX 
is scavenging ROS and recycling AsA. The first oxidation step that converts AsA to MDA 
is regulated by APX, MDA is short-lived and undergoes disproportionation into AsA by 
MDAR (Figure 1-1) (Mittler and Zilinskas 1993; Pignocchi and Foyer 2003). Under heat 
stress conditions, the number of seeds per silique increased in Arabidopsis defective in 
CYTOSOLIC ASCORBATE PEROXIDASE 2 (APX2) (Suzuki et al. 2013), and Chen et al. 
(2014) showed that  APX6 was critical for seed maturity and dormancy under osmotic, 
salt, or heat stress. APX1 is one of the various APX homologues in plants. However, under 
controlled standard condition (no stress), APX1 did not affect the level of total AsA, the 
length of siliques, or the number of seed per unit of weight. Although APX is involved in 
recycling AsA, under standard conditions APX1 functions was similar to that in controls, 
and there was no significant difference in the number of seeds per silique and the number 
of seeds per unit weight in apx1 compared to that in the WT Col-0.  
126 
 
       Chapter 3: The morphology and physiology of AsA deficient twn1-1and fis2-6 Arabidopsis mutants  
Total AsA levels increased in the flowers and siliques across the aboveground organs in 
the studied lines and a significant decrease in the number of flowers per inflorescence, 
flowers and siliques per plant and the number of seeds per silique was found in those 
defective in AsA biosynthesis when compared with WT Col-0. As has been suggested, 
this is likely to be a consequence of increased cell division activity increases the level of 
AsA in the reproductive organs. In addition, genes related to AsA biosynthesis pathway 
have shown a significant influence in the seed development in Arabidopsis. A previous 
study concluded that over expression of DHAR and injection of  galactose 1-4 lactone, 
DHA and AsA into the WT tobacco ovaries within (0-2) days after pollination induced a 
modification in the activity of cell division in the ovary and increased the frequency of 
twinning embryos (Chen and Gallie 2012). Thus, this raises the question as to whether 
modified cell division activity and arrangement of cells during seed development in 
Arabidopsis is due to the accumulation of AsA and/or the increased expression of AsA 
related genes. In Arabidopsis, specific genes that control the activity of cell division in 
the ovary and development of the twinning embryo have been identified. EMBRYO 
DEFEFCIVE 214/TWIN1/TWIN1 gene for example, has the feature of generating an extra 
embryo from the suspensor (Vernon and Meinke 1994). The polyembryonic twn1 mutant 
showed 8% penetrance, in which most mutant seeds germinated to produce a single 
seedling, in addition to twinning, variable defects in the embryo proper were occasionally 
observed (Vernon et al. 2001), and it was also observed in the present study as shown in 
the Appendix C-1. Therefore, to clearly understand the mechanism of the influence of 
AsA on the activity and modification of cell division during fertilization and seed 
development, twn1-1 mutant and fis2-6 were tested.   
For the first time, a comprehensive study was conducted to examine the twn1-1 and  fis2-
6 phenotype in regard to vegetative and reproductive morphology. It has been found that 
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there was no significant difference in the level of total AsA, chlorophyll a, b, and leaf 
area in twn1-1 and Ws. However, a significant reduction was found in the number of 
leaves per plant and plant height in twn1-1 compared with Ws. It can be suggested that 
the distribution of the nutrition absorbed by the modified root in the twn1-1 was not 
enough to fill the plant requirement when compared with the normal root of Ws.  
Appendix C-1 b and d shows a disorder of the cells in the apical root meristem of the 
twn1-1 mutant compared with Ws, in addition, twn1-1 plants were grown form a twining 
embryo in a seed, while Ws is derived from a normal embryo. A significant increase in 
the number of main flowering stems, secondary flowering stems, the number of siliques 
per plant and seeds per silique was found in twn1-1 compared with Ws plants. 
Correspondingly, it can be suggested that replacement of the main shoot apical meristem 
with two shoot apical meristems derived from one seed induces the enhancement of the 
reproductive organs including an increase in the number of flowering stems for twn1-1 
plants. As has been mentioned, AsA is a multifunctional molecule and it has multiple 
biosynthesis pathways and it is essential for plant growth regulation. It has been found 
also that shoot branching is a result of hormonal control in the apical meristem (Barbier 
et al. 2015; Leyser 2003; Ongaro and Leyser 2008). Therefore, there is likely a gene from 
the related AsA biosynthesis pathways involved in the modulation of the shoot apical 
meristem and which modifies cell division pattern in the suspensor to generate an extra 
embryo of the twn1-1.  
If AsA delays flowering time as mentioned by Barth et al. (2006), then the enhancement 
of the morphological parameters in the fis2-6 indicate an influence of AsA in increasing 
the number of leaves, leaf area, plant height and the number of flowers and siliques per 
plant. However, there was no significant difference in total AsA concentration in both 
fis2-6 and C24. In addition, the expression of the AsA related genes was similar in the 
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flowers of both fi2-6 and C24. Therefore, the fertilisation process did not show the 
involvement of AsA in the seed development in the fis2-6.  
The semi-quantitative PCR results indicated that the AsA biosynthesis related genes in 
the galactose, degradation, and recycling pathways had increased levels of expression in 
the flowers compared with the leaves, and a higher level of expression was found in the 
twn1-1 compared with Ws. Two possible explanations can be suggested for the 
observation of higher levels of gene expression in the twn1-1. Firstly, most of the twn1-1 
seed had a modified radical (apical root meristem) structure as shown in the Appendix C-
1 b), therefore, it can be suggested that when the seedling was developed from a 
disordered root structure, which might be modulated the cell division pattern and 
increased the longitudinal division  that  increases the production of ROS (Orman-Ligeza 
et al. 2016). Therefore, the antioxidant system will be stimulated including the 
biosynthesis of AsA. As a result, in the present study, a reduction was found in some of 
the morphological parameters and time to maturation stage was accelerated in twn1-1 
compared with Ws.  Secondly, the modified arrangement of the cell division in the ovary 
and suspensor of twn1-1 as has been reported by Vernon and Meinke (1994) may 
modulate the level of gene expression in the open and unopened flowering buds. This 
suggestion agrees with research that showed that AsA has associated roles in the control 
cell of division in onion (Liso et al. 1984). Chen and Gallie (2012) found that the 
overexpression of DHAR in tobacco altered cell polarity to longitudinal division instead 
of transverse cell division that generated embryos of equal size in the ovule. These results 
indicate that some of the genes of AsA biosynthesis might be involved in cell division 
modification in the suspensor in the embryo of twn1-1, however, due to the complexity 
and complementarity of AsA pathways, compensation occurs to make up any 
deficiencies, therefore the total AsA level was not changed.  
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In conclusion, a complex network of interactions had been found between AsA 
biosynthesis pathways and enzymes and plant growth parameters. Therefore, in the 
present study quite diverse effects of AsA on the phenotype and yield of Arabidopsis 
were found. The results strongly suggest that VTC1 is a central gene that regulates plant 
growth and production. The reproductive organs, flowers and siliques were the richest in 
total AsA levels compared with leaves and stems and this may relate to the activity of cell 
division. The level of expression of the AsA related genes shows the partial involvement 
of AsA in twinned embryo formation in the twn1-1 mutant. In addition, there is no clear 
evidence for involvement in the fertilisation process and seed development of AsA in the 
fis2-6 mutant. To understand the link between AsA, cell division, seed yield and twinning 
embryos, how AsA is involved in controlling cell division and expansion in organs with 
high cell division activity must be determined. This is the focus of the next chapter. 
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Chapter 4 : Ascorbic acid regulation of root growth and 
architecture in Arabidopsis thaliana  
4.1 Abstract   
Plant cell division is a fundamental biological process govern by the molecular network 
and the high cell division activity occurs in the apical meristems. Root apical meristem is 
the first region that shows the activity of cell division during seed germination. Previous 
studies have shown that AsA is a crucial molecular stimulator of cell architecture and cell 
cycle in various plants. In the present study and for the first time exogenous application 
of AsA to the dormant seeds of Arabidopsis Col-0 resulted in an increase of the root 
length and root growth rate, in addition to its effect of increasing cell size and accelerating 
the cell cycle. The root apical meristem in the AsA deficient mutants was compared with 
that in the WT Col-0 in the present study. In the vtc1-1 mutant, the number of quiescent 
centre (QC) cells was found to be increased and a higher number of cells were arrested in 
the G1/S phase compared with that in the WT Col-0. The other vtc51-1, apx1 and 
dhar1mutants were also examined, however, their effect on the number of QC was not 
significantly different compared to WT Col-0. Moreover, a high level was of H2O2 and 
superoxide followed by a low level of AsA was found in the root of vtc1-1 compared with 
that in the WT Col-0. Therefore, AsA, specifically VTC1, was found to be a crucial 
compound that is likely to be involved in the arrangement of the cells and cell division 
pattern in the root apical meristem, however, to determine whether AsA and H2O2 levels 
are involved in cell arrangement further study is required. 
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4.2 Introduction  
 Plant growth is a consequence of cell division in meristematic tissues and subsequent 
cellular expansion that is controlled by various metabolic reactions. AsA is an important 
antioxidant and a major compound required proper functioning of the cell cycle, and for 
protection of DNA (Fraga et al. 1991; Liso et al. 1984). Additionally, AsA regulates cell 
wall expansion by its function as a scavenger of ROS and competitor with 
polysaccharides for GDP-mannose. AsA is synthesised from GDP-mannose and the 
pathway shares GDP-sugar intermediates with the synthesis of cell wall polysaccharides 
(Fry 1998; Smirnoff 2000). Furthermore, it has been shown that AsA can stimulate root 
growth in plants subjected to environmental stress (Correa-Aragunde et al. 2013; 
Lukaszewski and Blevins 1996). 
The root meristem consists of different types of tissues: epidermis, cortex, endodermis, 
pericycle and vascular tissue, columella root cap and quiescent centre (Crawford et al. 
2015; Sebastian and Lee 2001). The quiescent centre (QC) is located centrally in the root 
apical meristem, and its function is one of control of the surrounding cellular initials. If 
the QC is eliminated, the stem cells differentiate and root growth stops (Doerner 1998; 
Sabatini et al. 2003). There is minimal  DNA synthesis in the QC compared with regions 
proximally and distally to the meristem of Zea mays (Clowes 1961). In addition, the 
number of QC cells changes with growth stage and the conditions under which the root 
grows (Lee and Benfey 2001). The relationship between AsA and the cell cycle was first 
studied in root meristems of Allium cepa L. (Liso et al. 1984; Liso et al. 1988) and 
revealed that AsA can stimulate the activity of QC to start DNA synthesis (S-phase of the 
cell cycle). Additionally, Innocenti et al. (1990) found that there is a minimum number of 
QC cells that remain in the gap1 (G1) phase after AsA treatment. The high level of 
ascorbate oxidase found in isolated QC of Zea mays (Kerk and Feldman 1995), suggests 
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that AsA is necessary for the conversion from G1 to S phase in the cell cycle. When 
Tobacco Bright Yellow 2 (BY-2) cells were treated with AsA, a significant increase in 
cell division occurred, in contrast, DHA treatment reduced the mitotic–index and arrested 
the cells in G1phase (de Pinto et al. 1999). Likewise, the mitotic index decreased in AsA-
suppressed transgenic BY-2 lines as1-1 and as2-2, and increased in AsA-overproduced 
transgenic tobacco compared with WT (Tabata et al. 2001; Tokunaga et al. 2005).  
The root apex increases in size as a consequence of increased cell division and cell 
differentiation. AsA was shown to stimulate root growth by increasing cell number and 
elongation in Arabidopsis Col-0 (Sánchez-Fernández et al. 1997). For example, a vtc1 
mutant defective in the synthesis of GMP (VTC1), an important intermediate in AsA 
synthesis, displayed inhibited length of the primary root compared with Col-0 (Lee et al. 
2011). In addition, GMP is hypersensitive to ammonium, which inhibits cell elongation 
and the mutant line vtc1 shows a strong inhibition of root growth in the presence of 
ammonium compared with Col-0 (Li et al. 2010; Qin et al. 2008). Surprisingly, a 
suppressor mutant of vtc1-1 (D3-4) accumulated a similar amount of total AsA and had 
significantly longer roots than Col-0 via an as yet undefined genome restoration 
mechanism (Kempinski et al. 2013). Recently, it was found that the highest expression of 
nudix hydrolases (AtNUDX9), which hydrolyse GDP-D-mannose to GMP and mannose 
1-phosphate, occurred in the root compared with rosette leaf, stem, cauline leaf, and 
inflorescence of Arabidopsis Col-0 (Tanaka et al. 2015). A greater root length and higher 
levels of AsA were recorded in a csn5b (constitutive photomorphogenesis signalosome 
subunit 5B)  Arabidopsis mutant, compared with vtc1-1 under stress conditions (Wang et 
al. 2013) . Finally, exogenous AsA (5mmol) treatment showed that a significantly 
increased root growth rate correlated with AsA level and decreased ROS content in Tall 
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fescue (Festuca arundinacea Schreb. cv. “K-31”) plants grown under water stress 
conditions (Xu et al. 2015).  
Ascorbate peroxidase (APX) is an H2O2-scavenger enzyme in the AsA degradation 
pathway (Asada 1992; Caverzan et al. 2012). Overexpression of a Puccinella tenuiflora 
ascorbate peroxidase (PutAPX) gene in Arabidopsis significantly increased root length 
under salt stress compared with WT (Guan et al. 2015). Accordingly, AsA is a crucial 
scavenger for ROS in plants and reacts in a positive manner with auxin to induce cell 
division and expansion. For example, the Arabidopsis apx1 mutant had increased H2O2 
accumulation in roots, shorter roots, and less sensitivity to auxin than the WT (Correa-
Aragunde et al. 2013; Nessler et al. 2015). In addition, it has been well documented that 
AsA improves root growth by inducing cell division and expansion.  
The potential signalling roles that AsA may have in stimulating cell division, cell 
elongation and growth have been extensively studied (Arrigoni and De Tullio 2000; Bao 
et al. 2015; Krishnamurthy et al. 2015a; Rao et al. 2015). However, less information is 
available concerning which enzyme and/or genes related to AsA biosynthesis pathways 
are involved in cellular organisation in the root apical meristem and in root growth. The 
present study was conducted to determine the contribution of two main genes (VTC1, 
VTC5) in the galactose pathway and APX1 in the degradation of AsA and DHAR1 in the 
recycling pathway of AsA on the structure and morphology of the root apical meristem 
and root growth of Arabidopsis.  
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4.3  Materials and Methods  
4.3.1 Exposure of Arabidopsis Col-0 to exogenous AsA  
Wild type Arabidopsis Col-0 seeds were obtained from LEHLE seeds (Texas, USA). 
Seeds were placed into separate 1.5 mL microcentrifuge tubes and 1 mL of AsA (0, 1.5 
or 2.5 mmol) added to each tube and stored overnight at 4˚C. (Various concentrations 
were chosen after a sequence of tests were conducted as shown in Appendix G-1, G-2 
and G-3). After one day of soaking, seeds were surface sterilized as described in chapter 
three (3.3.1). Ten seeds were placed onto MS medium in a plastic Petri dish (90mm in 
diameter) and the Petri dishes sealed with parafilm. Seeds were stratified by placing the 
sealed Petri dishes in a dark room at 4˚C for 2 - 3 days. Twelve dishes were then 
transferred and placed vertically into growth chambers (Thermoline Scientific, Australia) 
under cool white fluorescent lights with a light intensity of 100 μM m-2 s-1  with 16/8h 
day/night cycle at 21˚C. After five days, germinated seeds from six plates of each AsA 
concentration were removed for staining. After eight days, the length of radical was also 
measured in the seedling from the remaining six plates.  
4.3.2 Staining procedure for embryos      
The staining procedure of Bougourd et al. (2000) was performed with some modification. 
Briefly, Arabidopsis Col-0 seeds that were imbibed by overnight soaking and germinated 
seed (after 5 days of plating on MS) were transferred to a lightly moistened 90 mm-in –
diameter Petri dish lid and the seed coats were removed using fine forceps and micro 
needles under a dissecting microscope (Leica) that was connected to a digital camera (MC 
120). The naked embryos were then transferred to a small (5cm in diameter) Petri dish 
containing 15% ethanol. The embryos were then dehydrated through an ethanol series 
(50, 70 and 96% and two changes of 100 % (v/v) ethanol, with 15 min in each. The ethanol 
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was removed with a 5 mL pipette, and fresh 100% ethanol was added gently to minimize 
damage to the embryos. The embryos were stored in 100% (v/v) ethanol at 4˚C overnight 
and then rehydrated through sequential washing in 96, 70, 50 and 15 % ethanol, 15 min 
in each, and finally through two changes of fresh deionized water, 15 min in each. Aniline 
blue stock solution 0.5% (w/v) in 0.2M phosphate buffer (pH 6.5) was prepared. The 
embryos were stained in a 1in 20 (1 mL stock stain + 19 mL buffer) dilution of stain 
solution for 30 min, rinsed well and gently with d.H2O to remove unbound aniline blue, 
then soaked in two changes of deionized water, 15 min in each. Dehydration and 
rehydration were repeated through the ethanol series as described above. Embryos were 
then carefully transferred to microscope slides and mounted in Hoyer’s solution (15 g 
gum arabic, 100g chloral hydrate, 10g glycerol, and 25mL deionized water) and once any 
excess water had evaporated, a cover slip was gently lowered onto the slide, minimising 
the creation of air bubbles around the embryos. To avoid any damage during microscopy, 
slides were left undisturbed for several days until Hoyer’s solution had hardened.  
4.3.3 Microscopy  
The Leica (TCS-SP5 microscope (Leica Microsystems Pty Ltd., North Ryde, NSW, 
Australia) confocal laser scanning microscope (CLSM) was used for imaging optical 
sections. An excitation wavelength of 633 nm was used from the helium–neon (HeNe) 
laser used at 90% power. The embryos were observed using 40×/0.75 dry and 63× oil 
immersion objectives and the images captured. The emission spectra wavelengths 570 – 
780 nm were used to capture and display images. Scan format setting was 1024 - 1024 
pixels, line average four and frame average six for single images. Images were processed 
using the confocal software (LAS AF software version: 2.6.3.8137) and Adobe® 
Photoshop CC® version 14.2× 32.  
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4.3.4 Cell phenotype analysis 
Cell profile or cell surface size was determined using image J version 1.47 (Abràmoff et 
al. 2004; Schneider et al. 2012). Measurements were made by following the steps shown 
in Appendix H-1. Columella cells surface were measured from 10 images taken from 10 
individual embryos for each treatment and the number quiescent centre cells were counted 
from 50 images taken from 50 individual embryos. Cell map and cell wall outline of root 
apical meristem derived using Cellset software (version 1.5.1.0, University of 
Nottingham). Data was analysed using IBM SPSS.   
4.3.5 Root growth pattern  
Root length and root growth rate were calculated for 8-day-old seedlings. Root lengths 
were measured by photographing the seedlings within Petri plates and analysing the 
length of the root by Image J. In the same way, growth rates were analysed by marking 
the back side of Petri plates every day for 8 days and then the average growth rate per day 
was calculated over an eight day period (Makkena and Lamb 2013).      
4.3.6 Root structure in Col-0 and AsA deficient Arabidopsis mutants.    
Root apical meristem structure and root growth in WT Arabidopsis Col-0 was compared 
with its AsA biosynthesis mutant vtc1-1, vtc5-1, apx1 and dhar1. Seeds were imbibed 
overnight in water at 4˚C and then seed coat removed under a dissecting microscope as 
described previously. To visualize cell division, seeds were surface sterilized and plated 
onto MS medium in a Petri dish, 50 seed per plate and three plates per line. Plates were 
placed in the dark at 4˚C for 2-3 days for seed stratification. Plates were then transferred 
into controlled conditions of cool white fluorescent lights with a light intensity of 100 μM 
m-2 s-1 with 16/8h day/night cycle at 21˚C in a growth chamber. After five days of growth 
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the seed coat was removed under a dissecting microscope and the aniline blue staining 
procedure described above followed.  
For measuring root growth rate and root length, seeds were surface sterilized and plated 
on MS medium in 90 × 90 mm square plates, 10 seed per line, and placed in the dark at 
4˚C for 2-3 days for seed stratification. The plates were then placed in a vertical position 
under controlled conditions with 16/8h day/night cycle at 21˚C, and a light intensity of 
100 μM m-2 s-1 under cool white fluorescent lights in a growth chamber. Primary root 
length was determined by measuring 30 seedlings of each line per replicate over three 
independent experiments. Measurements were performed as mentioned in section (4.3.2, 
4.3.3, 4.3.4, and 4.3.5). In addition, propidium iodide, which stains starch granules and 
live cells, was used for staining embryos and seedling as a comparision with aniline blue 
and to confirm the cell division pattern in the root apical meristem. The protocol used is 
as described by Truernit et al. (2008). Briefly, germinated seeds after 5 days of plating in 
MS medium were fixed by (50% methanol and 10% acetic acid) at 4˚C for at least 12 h. 
Seedlings were rinsed with water and incubated in 1% periodic acid at room temperature 
for 40 min, then rinsed again with water and incubated in Schiff reagent with propidium 
iodide (100 mmol sodium metabisulphite and 0.15 N HCl; propidium iodide to a final 
concentration of 100 mg/mL was freshly added) for 1 to 2 h or until seedlings were visibly 
stained. The seedlings were then transferred onto microscope slides and immersed in a 
chloral hydrate solution (4 g chloral hydrate, 1 mL glycerol, and 2 mL water). Slides were 
kept overnight at room temperature in a closed environment to prevent drying out. Excess 
chloral hydrate was then removed and several drops of Hoyer’s solution as previously 
described were placed over the tissue, and a cover slip placed on top. Slides were left 
undisturbed for a minimum of 3 days to allow the mounting solution to set. 
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4.3.7 Histochemical localization of H2O2 and superoxide anion radical  
For H2O2 and superoxide anion radical (O2-) detection, eight-day-old seedlings were 
placed in a 2 mL microcentrifuge tube with 1 mL diaminobenzidine (DAB) (10 mg mL–
1) for H2O2 or nitro blue tetrazolium solution (NBT) (6 mmol) in 0.01% HCl for O2-. The 
seedlings were incubated in the dark at room temperature for three hours for H2O2 
detection (Thordal‐Christensen et al. 1997; Venus and Oelmüller 2013) and overnight for 
O2- (Dunand et al. 2007; Qian et al. 2014; Rao and Davis 1999). Samples were then 
incubated in decolouring solution (EtOH:lactic acid:glycerol = 1:1:1) at 80˚C for 20 min 
(Venus and Oelmüller 2013). Seedlings were then visualised using a light microscope 
(Zeiss, Göttingen, Germany) bright field and images captured with a digital camera 
mounted on the microscope. 
4.3.8 AsA quantification  
AsA was extracted from and quantified in 8-day-old seedlings of Col-0, vtc1-1, vtc5-1, 
apx1 and dhar1. The protocol described in Chapter two section 2.3.4 (Kka et al. 2016) 
was followed to determine the concentration of total AsA. AsA concentration was 
calculated from the linear equation shown in Appendix I-1 a.     
4.3.9 Hydrogen peroxide and peroxidase measurements 
 Amplex Red hydrogen peroxide/ peroxidase assay kit from Invitrogen was used to 
measure the concentration of H2O2 and peroxidase activities in the 8-day-old seedlings of 
Col-0, vtc1-1, vtc5-1, apx1 and dhar1. The extraction method used has been described 
previously (Lee et al. 2010; Mintoff et al. 2015) and was used with some modifications. 
50 mg of the harvested seedling samples were ground in liquid nitrogen using a micro 
pestle in a 1.5mL Eppendorf tube. 200 µL of  25 mmol sodium phosphate, pH 7.4, was 
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added to each tube and thoroughly mixed. The mixture was centrifuged at 9,500 × g for 
10min at 4˚C, and the supernatant was used for subsequent assays. Stock solution 
preparation, H2O2 and peroxidase assays were conducted according to the procedure 
provided by the manufacturer (Molecular Probes, Invitrogen). Horseradish peroxidase 
(HRP) was used to measure H2O2 and H2O2 as a standard was used to measure peroxidase. 
The linear equation for H2O2 and peroxidase is shown in Appendix I-1 b and c). 50µl 
sample and 50µl working solution were then added to a well in a 96-well micro plate and 
the plates  incubated at room temperature for 30min in dark. Fluorescence measurements 
were carried out using an excitation wavelength of 530 nm and an emission wavelength 
of 590 nm in a spectrophotometer (Varioskan LUX microplate reader, version 1.00.22).  
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4.4  Results  
4.4.1 Radical structure and cell phenotype of Col-0 seeds  
Arabidopsis Col-0 mature embryos were visualised using a confocal microscope, after 
imbibition with dH2O overnight, and staining with aniline blue. Cell walls were readily 
identified and the difference between various tissues and cell types was characterised as 
shown in Figure 4-1. The meristematic zone included the distal meristem (DM) and 
proximal meristem (PM). DM consisted of columella cells (CL) and cells below the QC. 
PM consisted of the QC and cells above the QC. Most of the stem cell niche (EpLRI, CLI, 
CEI, PI, SI) was divided longitudinally (periclinally) that is parallel to the root surface, 
while the specialized cells (CL, LR, Ep, C, E, P, S) divided transversely (anticlinally) at 
right angles to the long axis.  
To study the effect of AsA on cell size in the developing radical, Col-0 seeds were treated 
with different concentrations of AsA, and were germinated for one day. Cells of the 
columella root cap in treated seeds were of varying sizes (Figure 4-2 a, b and c). The first 
and second layer of columella cells had significantly larger cells in those seeds treated 
with 1.5 and 2.5 mM AsA compared with the un-treated controls (Figure 4-2 d). Seeds 
treated with 2.5 mM AsA also showed increased activity of metabolic processes, 
visualised as an accumulation of starch granules in columella cells. 
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Figure 4-1: Arabidopsis root apical meristem structure. (A) Cell map of root apical meristem of Arabidopsis 
Col-0 derived using Cellset software. The cells that are false coloured blue are the stem cell niche (SCN). 
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Distal meristem (DM) lie distally to the QC, proximal meristem (PM) cells lie proximally to the QC. (B) 
Cell wall outline produced by Cellset, each group of the cell represented in figure B by colour and by 
number in figure A. QC (quiescent centre) green yellow # 93, 94. CLI (columella initial cell) blue #73, 77, 
80. CL (columella cell) light gray # 38,40,43,36 41, 44, 37,39,42,45. SI (stele initial)  blue # 76,78,79, 81, 
S (stele cells) which is vascular cell, pale green  # 75, 102, 105, 109,115 and above. PI (pericycle initial) 
blue # 74 and 83, P (pericycle), gray # 87 and 89, and above  CEI (cortex /endodermis initial) blue # 72 and 
82, E (endodermis) green # 55 and 56, and above. C (cortex) brown # 34 and 58 and above. EpLRI 
(epidermis/ lateral root cap initial) blue # 71 and 84. Ep (epidermis) lime green # 120 and 122 and above, 
LRC (lateral root cap) light green # 0,1,2,3,35,14,15,16 and 7,6,5,4,46,18,17. (C) CLSM image of same 
root tip as in A/B.  
 
Figure 4-2: Influence of exogenous application of AsA on root meristem phenotype of Arabidopsis Col-0. 
Mature seeds of Arabidopsis Col-0 treated overnight with different concentration of AsA (0, 1.5 and 2.5) 
mmol AsA. Black dots in columella cell represent starch granules. Green dots are first columella cells, red 
dots are second columella cells and QC is quiescent centre cells. (A) Treated seed with water only. (B) 
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Treated seed with 1.5 mmol AsA and (C) 2.5 mmol AsA. Scale bar is 10 µm. (D) Cell surface 
(circumference) measured by Image J and data analysed using SPSS. The black bar is the first layer of 
columella cells, the diagonal hatched bar is the second layer of columella cells. Error bars were calculated 
from two independent experiments and five representative seeds from each replicate. Values with different 
letters indicate significant difference at P < 0.05 according to the Duncan multiple range test, n = 4, error 
bars represent ± SE. 
 
4.4.2 Effect on root growth of exogenous application of AsA  
Mature seeds were exposed to different concentrations of AsA (0, 1.5 and 2.5 mmol). The 
first day in the growth chamber was counted as day zero and for growth rate 
measurements, the position of the root tip was marked with a marker pen on the bottom 
of the plates each day until day 8. Root length and root growth rate were measured after 
8 days of growth. Most of the seed started to germinate from day four. Images were 
captured by a camera mounted on a dissecting microscope and root length was measured 
using image J (Figure 4-3 a-c). Data analysis shows a significant difference in root length 
between the different concentrations of AsA (Figure 4-3d). Root length was greater in the 
2.5mmol treatment compared with the untreated seed. Similarly, the growth rate was 
faster in 2.5mmol treated seed compared with the untreated controls. However, treatment 
with AsA at 1.5mmol did not show any the difference to the untreated seed in either root 
length or growth rate.  
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Figure 4-3: Influence of exogenous application of AsA on root growth of Arabidopsis Col-0. A 
representative image of eight-day-old Arabidopsis Col-0 seedlings. Right side images show roots marked 
to measure growth rate. Green mark: day five, blue mark: day six, black mark: day seven and red mark: day 
eight. Left side images are the representative photo of the seedlings after removing the marker to measure 
root length. Scale bar 0.5cm. (A) Control (seed treated with dH2O). (B) Seedlings from seed treated with 
1.5mmol AsA. (C) Seedlings from seed treated with 2.5mmol AsA. Scale bar 0.5 cm. (D) Data analysed 
using SPSS, root length, black bar, and growth rate, white bar. Error bars were calculated from two 
independent experiments and for 50 seedlings in each replicate. Values with different letters indicate 
significant difference at P < 0.05 according to the Duncan multiple range test, n = 3, error bars represent ± 
SE. 
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4.4.3  Phenotype of root apical cells in AsA deficient Arabidopsis mutants.   
4.4.3.1 Number of quiescent centre cells 
The total number of quiescent centre cells were counted within confocal microscopy 
images of fifty radicals. Data analysis shows a significant increase in the number of QC 
cells in vtc1-1 (a mutant defective in AsA biosynthesis), and the number of initial cells in 
the stem cell niche especially cortex /endodermis initial cells was less in vtc1-1 compared 
with Col-0 (Figure 4-4). The same study was conducted to compare vtc5-1, apx1, dhar1 
with Col-0, but there was no significant difference between the number of QC and stem 
cell niche cells.  
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Figure 4-4: Number of quiescent centre cells in vtc1-1 and Col-0. Mature seeds of Arabidopsis were 
imbibed in d H2O overnight at 4°C. The embryos stained with aniline blue and visualised by confocal 
Microscope. Cells were coloured using painting feature in Adobe® Photoshop® CC version 14.2×32, Green 
is quiescent centre cells, yellow is cortex/ endodermis initial, blue cortex and orange is endodermis. 
Different number of QC and initial cells in (A) Col-0, (B) vtc1-1. Scale bar 10 µm (C) Data analysis of the 
number of QC. Values with different letters indicate significant difference at P < 0.05 according to 
independent t-test, n = 50 , error bars represent ±SE.  
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4.4.3.2 Cell division characteristics  
Arabidopsis radicals of Col-0 and four AsA synthesis pathway mutants (vtc1-1, vtc5-1, 
apx1 and dhar1) were visualized by confocal microscopy 24 hours after germination 
(Figure 4-5). Cell set software was used to construct the cell map and identify the 
quiescent centre, columella, lateral root, epidermis, cortex, endodermis, pericycle and 
stele (Figure 4-5a). Aniline blue dye stains  β-Glucan linkages (Ko and Lin 2004) and in 
the images appear as black shapes or dots which surround the nucleus (Figure 4-5 b-f). 
The black dots in vtc1-1, dhar1, vtc5-1 and apx1 were less prevalent when compared with 
Col-0 (Figure 4-5 b-f). To assure that the dark dots was a carbohydrate derivative, a 
comparative assay was conducted using propidium iodide, which stains starch granules 
and live cells (Riccardi and Nicoletti 2006; Teotia and Lamb 2011). The results show a 
similar pattern, where the bright dots represent starch granules, which accumulated in the 
columella cell with less intensity in vtc1-1, dhar1, vtc5-1 and apx1 compared with Col-0 
respectively (Figure 4-5 g-k). A quantitative comparison also shows significantly fewer 
cells with dark or white/bright dots present in mutants compared with Col-0, with the 
lowest intensity found in vtc1-1(Figure 4-5 l).  
 
 
 
 
 
 
148 
 
Chapter 4: Ascorbic acid regulation of root growth and architecture in Arabidopsis thaliana         
 
 
Figure 4-5: Cell division characteristics in the root apical meristem of AsA deficient Arabidopsis mutants. 
(A) Cell map made by Cellset to one of the Col-0 germinated seed and stained with propidium iodide, QC 
(yellow). CLI (dark purple). CL (light purple). S (light blue) which is a vascular cell. P (gray). CEI (dark 
blue), C (brown), E (green). EpLRI (blue), Ep (dark pink) and LRC (light green). After 24 hours of 
germination, seedlings were stained with aniline blue (B-F) and propidium iodide (G-K). Images were 
taken by a confocal microscopy. Scale bar 10µm and stars represent QC. (B, G) Col-0. (C, H)) vtc1-1. (D, 
I) vtc5-1. (E, J) apx1 (F, K) dhar1 and (L). Data analysis of the dark dots on 14 images (n = 14) from each 
line, error bars represent ± SE. Values with different letters indicate significant difference at P < 0.05 
according to the Duncan multiple range test. 
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4.4.3.3 Root growth in AsA biosynthesis mutants  
Arabidopsis seeds were grown on MS media for 8 days and root growth was recorded 
everyday. Generally, root growth had changed according to the site of AsA biosynthsis 
mutation. Seedlings of vtc1-1 showed abnormal growth in both root and shoot compared 
with Col-0 (Figure 4-6 a), vtc1-1 had considerably shorter roots compared with the other 
lines. Images taken at day eight were analysed using image J to measure the main root 
length. Results show a significant reduction of vtc1-1 root length compared with Col-0 
(Figure 4-6 b). Shorter roots were observed in vtc5-1, apx1 and dhar1 compared with 
Col-0, but they were not significantly shorter. Similarly, root lengths were correlated to 
growth rate per day (Figure 4-6 c), with vtc1-1 roots showing slower growth rate 
compared with Col-0 and no difference in the growth rate compared with Col-0 was found 
for vtc5-1, apx1 and dhar1. 
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Figure 4-6: Root growth and development in AsA deficient Arabidopsis mutants.  Arabidopsis seeds were 
grown on MS media placed vertically in a growth chamber, root growth was recorded every day until 8 
days. (A) Images of 8-day-old seedlings, shows a decrease in the length and growth of vtc1-1. Scale bar is 
5mm. (B) Root length measured after eight days. (C) Average growth rate calculated by measuring the root 
growth starting from the second day of germination. Values with different letters indicate significant 
difference at P <  0.05 according to the Duncan multiple range test, n= 60 , error bars represent ± SE. 
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4.4.4 Hydrogen peroxide and superoxide localization and quantification  
Eight-day-old Arabidopsis seedlings were examined for the presence of the reactive 
oxygen species, H2O2 and superoxide. H2O2 and superoxide distribution varied in the 
apical meristems of Arabidopsis (Figure 4-7). The presence of an insoluble brown 
polymer precipitate is the result of the reaction between H2O2 and DAB stain in plant 
tissue (Thordal-Christensen et al. 1997). There was less accumulation of H2O2 in the shoot 
apical meristem than in the root apical meristem (Figure 4-7 a-b). A small amount of 
H2O2 was visualised in the vascular bundle of the shoot apical meristem of vtc1-1, while 
no stained tissue was found in the apical meristem of vtc5-1, apx1 and dhar1 compared 
with Col-0 (Figure 4-7 a). Similarly, the root apical meristem of vtc1-1 clearly shows 
brown precipitation in the initiation and proximal zone compared with Col-0 (Figure 4-7 
b). However, the root apical meristems of vtc5-1, apx1 and dhar1 were similar to Col-0 
(Figure 4-7b). In addition, insoluble formazan blue precipitate was also used as an 
indicator of superoxide production, the result of a reaction between superoxide and NBT 
(Grellet Bournonville and Díaz-Ricci 2011). The results show that superoxide 
accumulated intensely in the shoot apical meristems of dhar1, vtc1-1, apx1 and vtc5-1 
compared with Col-0 respectively (Figure 4-7c). However, the root apical meristem of 
vtc5-1, apx1 and dhar1 did not show any blue precipitation. In contrast, a high level of 
superoxide in the root apical meristem of vtc1-1 was clearly visualized (Figure 4-7 d). 
To clearly understand the mechanism of H2O2 production and the activity of peroxidase 
and its distribution in AsA defective mutants, total AsA, H2O2 concentration and 
peroxidase activity were measured in 8-day-old seedlings. Total AsA decreased 
significantly in vtc1-1 and vtc5-1 seedlings compared with Col-0, however, apx1 and 
dhar1  did not show a significant reduction in total AsA compared with Col-0 (Figure 4-
8 a). The highest concentration of H2O2 was found in vtc1-1, and a significant difference 
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from that of Col-0 was found in vtc1-1, vtc5-1, apx1 and dhar1 (Figure 4-8 b). 
Correspondingly, the lowest peroxidase activity was found in vtc1-1 compared with the 
Col-0, however, no significant difference was found between the peroxidase activity in 
vtc5-1, apx1 and dhar1 and Col-0 (Figure 4-8 c).  
 
Figure 4-7: Hydrogen peroxide and superoxide localization in the root and shoot of AsA deficient 
Arabidopsis mutants. Arabidopsis Col-0 and vtc1-1, vtc5-1, apx1 and dhar1 seedlings 8-day-old were 
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stained with DAB for H2O2 represented by a star (*) in the shoot apical meristem (A), and brown colour in 
root apical meristem (B). Insoluble formazan blue precipitate is present in the shoot apical meristem (C), 
and root apical meristem (D). Whole roots were visualised by bright field microscopy with a 20× objective. 
Scale bar is 100 µm.  
 
 
Figure 4-8: Quantification of AsA, hydrogen peroxide and peroxidase quantity in AsA deficient 
Arabidopsis mutant.  Eight-day-old Arabidopsis seedlings were collected from Col-0 and AsA defective 
mutants. (A) AsA quantity in the seedlings. Amplex Red hydrogen peroxide/peroxidase assay was used for 
measuring (B) H2O2 and (C) peroxidase content in the seedlings. Approximately 50 seedlings were used 
for each replicate. Values with different letters indicate significant difference at P < 0.05 according to the 
Duncan multiple range test, n= 4, error bars represent ± SE. 
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4.5 Discussion   
The first developmental stage of seed germination starts from the radical. After seed 
imbibition, the root apical meristem emerges from the seed coat due to the activity of 
various molecular signals and subsequent cell division (Resentini et al. 2015; Shu et al. 
2016). AsA is an essential molecule for development of G1 and G2 in the apical 
meristems (Liso et al. 1984). In this study, root apical meristem structure and root growth 
were examined within following exogenous AsA application of Arabidopsis Col-0 and 
AsA defective mutants. AsA had a positive and significant influence on cell division and 
root growth.  
The structure of the root apical meristem (RAM) is crucial for plant growth and 
development. RAM has long held researcher’s attention because it is the first tissue that 
emerges and it indicates seed viability during germination. Root phenotype variation 
occurs due to differences in cell division pattern and the cell orientation and ultimately 
tissue structure. For example, RAM tissues are structured around two types of cell 
division pattern: anticlinal and periclinal. Anticlinal cell division occurs as a transverse 
division at right angles to the long axis of the cell while periclinal division is longitudinal 
or parallel with the root surface (Atwell et al. 1999). It has been suggested that transverse 
divisions increase root length and longitudinal divisions increase root thickness, a 
suggestion that is in agreements with a previous study on maize leaf, wherein normal 
plants transverse divisions are associated with leaf elongation and longitudinal divisions 
with leaf widening (Smith et al. 1996). It is clear from previous research that the process 
of root development is controlled by a complex network of molecular compounds and 
signals (Cederholm et al. 2012; De Smet et al. 2015; Perilli et al. 2012). AsA is one of the 
major antioxidant compounds synthesised in plants through multiple pathways and is 
influential in the regulation of cell division and expansion (Gallie 2013b; Nahirñak et al. 
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2012; Ramírez et al. 2013). AsA is known as an ROS scavenger, and there is good 
evidence that shows that ROS is involved in cell division and growth. For instance, ROS 
has regulatory roles in the organization of the tubulin cytoskeleton, nuclear envelope 
dynamics, chromosome separation and movement and cell plate formation (Gapper and 
Dolan 2006; Islam et al. 2016; Livanos et al. 2012; Livanos et al. 2014). 
The structure of the RAM varies between flowering plant species (Bitonti and Chiappetta 
2011; Heimsch and Seago 2008). As a model plant, Arabidopsis Col-0 is a background 
to the other lines used in this study, Col-0 RAM structure showed a commonly reported 
arrangement of cells. Cell division is controlled by the central QC cells that are divided 
longitudinally (periclinally) (Goh et al. 2016), and surrounded by the cellular initials. 
Initial cells, which reside in the stem cell niche group of cells, divide longitudinally and 
parallel with the root surface to increase root thickness and they are also the origin of 
differentiated cells. For example, cortex/endodermal initial cells undergo longitudinal 
division to generate two daughter cells, which form the cortex cells and endoderm cells, 
which is in agreement with  (Boyer and Simon 2015; Wachsman et al. 2015) who 
suggested that an asymmetric cell division in stem cell niches subsequent by longitudinal 
division leading to generate two cells with different fates. The differentiated cells (cortex 
and endoderm) continually divide transversely at right angles to the long axis to increase 
root elongation. This standard form of the Col-0 RAM simplifies comparison studies of 
the root tip between different lines of Arabidopsis. In addition, the commercial software 
used, enabled a cell map to be drawn and cell walls to be precisely identified, simplifying 
analysis of cell polarity. The findings of the present study agree with previous research 
which showed that QC cells are a central component of the RAM with essential roles in 
signalling and positioning of surrounding cells (Bougourd et al. 2000; Pound et al. 2012; 
Sanz et al. 2012; Van den Berg et al. 1995; Van den Berg et al. 1997). 
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The influence of a pre-sowing seed treatment with AsA on root growth behaviour has 
previously been studied in a number of species including wheat (Afzal et al. 2005), maize 
(Ahmad et al. 2012), tomato (Ghoohestani et al. 2012), field mustard (Khan et al. 2010) 
and rice (Basra et al. 2006; Ye et al. 2011). However, few, if any, studies have examined 
the effect of pre-sowing AsA treatment on Arabidopsis. In this study for the first time, 
Arabidopsis Col-0 seeds were treated with different concentration of AsA to examine cell 
proliferation and root growth. A significant result was that following pre-sowing seeds 
treatment with 2.5 mmol AsA the root apical meristem of Col-0, one day after 
germination, showed a significant change in cell division and expansion. Radical of seeds 
treated with AsA were found to be in advanced phases of cell division, most likely in the 
G2 or S phase. Similarly, it has been reported that AsA treatment accelerates the cell cycle 
in the apical meristem of Allium cepa (Liso et al. 1984). In addition to this, the intensity 
of deposition of starch granules and carbohydrate derivatives was higher in the AsA 
treated seeds compared with the untreated controls. This may explain the observation that 
columella cells in the radicals of AsA treated seeds were differentiated compared with 
the undifferentiated columella cells found in untreated seeds. Drisch and Stahl (2015) also 
found that starch granules accumulated in differentiated but not undifferentiated 
columella cells in Arabidopsis RAM.  
It is well documented that AsA is localised to the cell wall and has a role in cell expansion 
(Conklin 2001; Nessler et al. 2015). The increased columella cell size found in the present 
study may be due to the influence of AsA in the cell wall, or on synthesis of the 
macromolecules composed of a 1,3-β-glucan (Ishihara et al. 2007; Ko and Lin 2004) or 
starch which accumulate in columella cell (Van den Berg et al. 1997). In addition, 
increasing columella cell size, in a distal position from QC, may be a consequence of the 
influence of AsA on cell differentiation (Pavet et al. 2005; Stahl et al. 2009; Takahashi et 
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al. 2003). Accordingly, pre-sowing AsA treatment enhanced root length and growth rate 
of Arabidopsis Col-0, which also agrees with a study in wheat that showed that AsA has 
the potential to increase the daily rate of cell division as well as cell elongation and 
expansion (Farooq et al. 2013). 
To verify that AsA is involved in cell patterning and structure of the mature radical, a 
range of experiments were conducted on AsA biosynthesis pathways and related pathway 
mutants. A difference in cell arrangement was found in mature seeds of vtc1-1 mutants 
compared with Col-0, although vtc5-1, apx1 and dhar1 did not display any observable 
differences. Of interest in vtc1-1 was an increased number of QC cells, which apparently 
reduced the cellular initials. In a similar way, the two central cells in the QC in the RAM 
of Col-0 signalled surrounding cells to divide longitudinally to create two asymmetric 
cells. For example, the lateral root cap/epidermis initial cell divide longitudinally to 
generate two distinct daughter cells, which then they divide transversely to generate 
lateral root cap cells and epidermis cells. It can be suggested that the higher number of 
QC cells in vtc1-1 arrest cells from undergoing differentiation, which also agrees with 
Barlow (1974); Van den Berg et al. (1995); Van den Berg et al. (1997) who showed in 
Arabidopsis the quiescent centre inhibits differentiation of surrounding cells. Ji et al. 
(2015) also showed that the QC of Arabidopsis regulate differentiation of surrounding 
cells, and the stem cell niche in the RAM maintains the ability to develop into various 
cell types to ensure a constant supply of cells for root growth. 
To examine the interrelationships between the AsA biosynthesis pathways and the cell 
cycle, specific pathway mutants were used and seeds were examined one day after 
germination a time at which cellular metabolism and process had commenced and cell 
membranes function were stimulated. Incredibly, in the present study, cell metabolism, 
DNA synthesis, transcription, and translation process and protein synthesis were found 
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to be inhibited the most in vtc1-1, dhar1, vtc5-1 and apx1 in descending order of inhibition 
compared with Col-0. To support these findings it has been found that decreased AsA 
concentration in the hypocotyls of kidney beans (Phaseolus vulgaris L.) decreased protein 
content (Siendones et al. 1999), and recycling of AsA induced DNA replication in the 
embryos before caryopses germinated of Avena fatua (Cembrowska-Lech and 
Kępczyński 2015). Seedlings of  Arabidopsis vtc1-1 accumulate only 30% of  the total 
AsA found in Col-0 (Wang et al. 2013), also confirmed in the present study and which 
may have led to the highest number of cells being arrested at G1 phase. In addition, it was 
found that reduction in AsA to levels of 35, 44, 70 and 75 % in the seedling significantly 
influenced in the number of the arrested cells, which were about 38, 19, 18, and 31 % in 
the RAM of vtc1-1, vtc5-1, apx1 and dhar1 respectively. This agrees with studies that 
have shown that cell division and elongation were at a peak in seedlings with high levels 
of AsA compared with those seedlings defective in AsA synthesis (De Tullio et al. 1999; 
Tyburski et al. 2012). In the same way, the cell division rate per day was reduced by a 
deficiency in AsA.        
Many recent studies have shown that ROS positively regulates cell division in animals 
and plants (Kobayashi and Suda 2012; Tsukagoshi et al. 2010). Therefore, a 
histochemical test was conducted to examine the production of ROS, especially H2O2 and 
superoxide, in AsA mutants. The results of present experiments clearly show that AsA 
scavenges H2O2 and superoxide and stimulates cell division. H2O2 and superoxide 
accumulate in mutants defective in AsA biosynthesis. The highest level of H2O2 and 
superoxide was found in the roots of vtc1-1 which accumulated ~35% of  the AsA found 
in the Col-0 control, clearly supporting the idea that ROS stimulates longitudinal cell 
division. Previous findings also showed that H2O2 induced lateral root formation in vtc1-
1 (Chen et al. 2013; Li et al. 2015a; Tyburski et al. 2012). The low level of H2O2  found 
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in the shoot apical meristem of vtc1-1 may strongly influence the cell proliferation 
process. It can be suggested that most of the cells in the shoot apical meristem are in the 
G1 phase, perhaps the high activity of AsA in the shoot apical meristem scavenges ROS. 
This was indeed shown in a previous study where H2O2 production is coincident with the 
start of the elongation and expansion phase (Manzano et al. 2014; Tsukagoshi et al. 2010). 
Although, there was a high level of peroxidase activity found in the Arabidopsis seedlings 
the shoot apical meristem produced superoxide with the highest intensity in the apx1 
followed in descending order of activity by vtc1-1, vtc5-1 and dhar1. A complex 
interaction is apparent here, AsA scavenges ROS and regulates the activity of cell 
division, meanwhile, ROS increases with the activity and modification of cell division. It 
could be suggested that due to low levels of superoxide dismutase (SOD), superoxide 
production increased in the shoots of the AsA biosynthesis pathway mutants, which  
agrees with findings in other studies that showed that SOD controls the levels of 
superoxide by converting it to H2O2 (Bowler et al. 1992; Noctor and Foyer 1998). On the 
other hand, the activity of AsA in the whole seedling could be balanced by the H2O2 level 
in the shoot and root of vtc5-1, apx1 and dhar1 and by converting H2O2 to water and O2   
as documented by Deutsch (1998); Vranová et al. (2002). However, due to the complexity 
of AsA pathways and compensation that occurs to make up any deficiencies, the level of 
H2O2 production varied greatly across the studied mutants.   
In summary, the results presented here for Arabidopsis reveal that AsA is a crucial 
molecule that has roles in modulating the cell cycle and in determining cell orientation in 
the root apical meristem. The QC organises RAM architecture, also, the stem cell niche 
modulates cell division and root growth rate and root length were responsive to the cell 
division pattern in the RAM of Arabidopsis. In addition, ROS, particularly H2O2 and O2- 
play a role in cell division induction, however, further study is required to understand the 
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specific interaction between AsA and ROS in regard to cell division in the shoot and root 
apical meristems. 
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Chapter 5 : General discussion 
5.1 Introduction 
The detailed investigation presented in this study provides a complete understanding of 
the influence that AsA has on cell division, growth and seed production under standard 
growth conditions in Arabidopsis thaliana. Examination of the role of AsA at 
morphological, cellular and molecular levels allowed for the identification of how AsA 
modifies plant growth and how it ultimately may influence yield. The quantity of AsA in 
different organs and its association with the hormones IAA and SA was examined in 
detail. The highest level of AsA found in flowers and siliques (chapter 2). A clear 
correlation was also found between increased AsA levels and IAA accumulation in 
aboveground organs. SA was, however, found at lower levels at sites that were high in 
the concentration of AsA. 
Several pathways are involved in AsA biosynthesis in plants. The contribution made to 
AsA biosynthesis by different enzymes from individual pathways was examined and the 
concentration of total AsA across the aerial organs determined. An overall deficiency of 
AsA clearly reduced plant growth and yield significantly. The high levels of AsA found 
in the reproductive organs raised a question as to whether this was a consequence of cell 
division activity. A mutant line, twn1-1, that has abnormal cell division in the embryo 
during seed development showed the partial influence of AsA in the formation of twinned 
embryos. However, no clear impact of AsA was found in fis2-6 a mutant that shows 
autonomous seed development. Thus, due to the complexity of AsA biosynthesis that 
involves several alternate pathways, it is likely that compensation occurs to make up for 
any deficiencies and therefore the total AsA level is not affected (chapter 3). 
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To understand the mechanisms of cell division under AsA control RAM and roots of 
Arabidopsis treated with exogenous AsA as well as different Arabidopsis lines that were 
defective in AsA synthesis were examined. In the root apical meristem, at the cellular 
level, AsA was shown to modify cell structure, cell division and expansion. AsA 
scavenges ROS, however, ROS, particularly H2O2, and superoxide were shown to be 
involved in cell division (chapter 4). This study, therefore, has resulted in several 
advances in our understanding of the involvement of AsA in regulating plant growth 
under controlled conditions. Good evidence is presented that AsA works synergistically 
with key plant hormones to stimulate plant growth and development. AsA also has a 
crucial contribution to flower production subsequent seed yield in addition to its 
involvement in seed development processes and specifically after pollination and 
fertilization. Furthermore, a deficiency of AsA clearly results in the disorder of cells and 
the cell cycle in the RAM.       
5.2 AsA stability and plant growth 
It is well known that AsA is an abundant and multifunctional molecule in plants and it is 
involved in the regulation of growth and development. The quantification of AsA in 
plants has been conducted in a range of plant species. However, a critical point that has 
been overlooked in many of these studies is that AsA, a relatively strong reducing agent, 
is inherently unstable and thus an initial focus of the present study was to examine the 
stability of AsA under different conditions and to examine ways of quantifying the level 
of AsA in a sample.  
Knowing the stability characteristic of AsA in a sample is important to enable 
determination of the precise levels of AsA in various organs. Also selection of the 
appropriate technology to determine levels of AsA depends on the purpose and the 
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requirements of the experiment. A Nanodrop spectrophotometer with the UV-Vis feature 
and requiring only one microliter of sample volume was used to determine the 
concentration of AsA in the solvent precisely without degradation within the optimal 
length of storage time, temperature, and light regime. However, HPLC was more reliable 
for quantifying the concentration of AsA in a sample, but samples need to be kept cold 
and stored appropriately between injections. For example, HPLC run time required 20 
min for each sample, thus the next injection was after 20 min requiring the samples to be 
kept in controlled conditions (Fridge 4˚C) until the next injection time commenced.   
The accuracy of the AsA extraction method was estimated by spiking samples with pure 
AsA. However, due to the stability problems just mentioned and based on the previous 
report that showed Iso-AsA, which differs from AsA only in the relative position of the 
hydrogen and hydroxyl groups on the fifth carbon atom, when used as a standard  
overcame the major problem in blood samples associated with AsA instability. we found 
that Iso-AsA could be used very effectively as an internal standard to measure the quantity 
of AsA in plant samples.  
The different pathways utilized within cells for AsA biosynthesis effects plant metabolic 
systems in different ways. Theoretically, the level of AsA should vary across different 
plant species, within an individual plant and between plant organs and tissues depending 
on such factors as age, growth stage and growth environment. For example, a higher 
concentration of AsA in a compound pea leaf compared with the simple leaf of 
Arabidopsis leaf could be due to higher cell division activity in the pea leaf during the 
process of compound leaf formation (Kellogg 2006). Therefore, the relation between AsA 
and cell division was a focus of chapter three and four, in which it was found that cell 
division activity was correlated with an increase in the level of AsA in plant organs. 
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It was interesting to note that the highest concentration of chlorophyll and the highest 
biomass weight corresponded to the highest level of AsA in the largest leaves of 
Arabidopsis. Leaves are the source of energy and the highest level of chlorophyll and AsA 
in the largest leaves indicated to a strong correlation between the biosynthesis system of 
AsA and chlorophyll. Accordingly, the peak value of photosynthesis was measured at the 
maximum leaf area expansion, and the synthesis of ATP was increased 2 to 3 fold, in the 
presence of AsA (Forti and Elli 1995; Ivanov 2014; Weraduwage et al. 2015). Therefore, 
it can be suggested that AsA is involved indirectly in regulating photosynthesis and leaf 
development.  
5.3 Variation in AsA levels in the aerial organs of Arabidopsis    
Fluctuations in the level of total AsA in the various aboveground organs of Arabidopsis 
indicates variation in metabolic activity. Plant processes such as cell division, cell 
expansion, photosynthesis and respiration may effect AsA biosynthesis and accumulation 
in various aboveground organs. In the present study, the highest level of AsA was found 
in the flowering buds and siliques compared with the leaves and stems and was reduced 
significantly during the maturation stage of siliques (chapter 2 and 3). The level of AsA 
is also likely to be linked with the activity of various plant hormones that stimulate the 
conversion from juvenile to flowering to maturation phases under standard growth 
conditions. Accordingly, during flowering and seed development, the cell division 
activity is induced by the external (environmental) and internal molecular (plant 
hormones) levels change (Sawicki et al. 2015). A suggestion that aligns with findings 
shown that AsA levels are closely associated with GA levels at the flowering time in 
Arabidopsis under both long and short day cycles (Barth et al. 2006; Kotchoni et al. 2009). 
Therefore, it can be suggested that AsA is associated with cell division activity during 
flowering and seed development in Arabidopsis. Recently, it has been discussed that plant 
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hormone signaling can directly or indirectly affect the expression of mitochondrial genes, 
and mitochondrial ROS (Berkowitz et al. 2016). In addition, the highest level 80% of the 
last enzyme GalLDH  in the galactose pathway that converts L-Galactono-1,4-lactone to 
AsA was found on the inner mitochondrial membrane (Bartoli et al. 2000) which means 
that the highest level of AsA synthesis is potentially in mitochondria. Therefore, increased 
total AsA levels in the reproductive organs could be an early indicator of mitochondrial 
activity during cell division.  
Furthermore, under standard growth conditions the highest concentration of AsA was 
found to be close to the concentration of IAA. Following photoperiodic stimulation, IAA 
is synthesized in the shoot apical meristem and stimulates/activates cell division 
(Normanly 2010; Pfluger and Zambryski 2004). It can be suggested then that during 
flowering and seed development IAA biosynthesis is accelerated and at the same time 
either induces or is induced by AsA directly or indirectly. In contrast, the low 
concentrations of SA found in the flowering buds is opposite to that of the level of AsA 
found in both the leaves and flowers. Low concentration of SA are thus associated with 
cell division and negatively associated with the antioxidant, AsA. Accordingly, evidence 
suggests that SA may be a positive or negative regulator of cell division and that   
depending on where and when the signaling occurs may have a central role in determining 
cell fate (Rivas-San Vicente and Plasencia 2011; Vanacker et al. 2001). Therefore, in the 
present study and in plants grown under standard growth conditions, SA levels were 
shown to be reduced during flowering, a stage that requires high cell division activity, 
and enable us to conclude that AsA levels are tightly correlated with cell division and 
plant growth.  
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5.4 Contribution of specific AsA biosynthesis pathway genes to 
enhanced growth and yield in Arabidopsis  
AsA biosynthesis pathways have previously been well described in plants (Smirnoff and 
Wheeler 2000). The total AsA pool within plants is the result of the interaction of  
complex environmental factors and the internal chemistry and signalling within plant 
cells. The distribution of AsA and its concentration in different plant organs is a key for 
understanding the contribution of AsA in plant growth and yield. A knockout of GMP 
(VTC1) in the galactose pathway reduced total AsA to 70% compared with Col-0 (Total 
AsA in vtc1 was ≤ 30%) (Table 5-1) and modified plant architecture significantly under 
standard conditions. The question arises, how is VTC1 involved in these changes? 
Theoretically, VTC1 is the main enzyme in the galactose pathway that converts mannose 
1-phosphate to GDP-D-mannose, but GDP-D-mannose will convert to either GDP-L-
galactose (galactose pathway) or GDP-L-Gulose (gulose pathway) which means that 
VTC1 actually controls two AsA biosynthesis pathways (Figure 1-6 a) and these reactions 
are the result of polysaccharide degradation in the plant cell wall (Reiter 2002). Reduction 
in total AsA in vtc1-1 plants meant a reduction in primary metabolic processes and as a 
result, a significant reduction in cell expansion in the knockout VTC1 plants occurred 
(Figure 5-1b). As a consequence, tissues and organs will be reduced in size and indeed 
leaf area was the main indicator of an influence on cell expansion in vtc1-1. As was shown 
in chapter four that AsA plays a crucial role in the cell cycle, therefore a reduction in cell 
division also occurred in vtc1-1 reducing plant height and overall growth rate (Table 5-
1). AsA is an ROS scavenger, thus reduction of AsA allows accumulation of ROS. The 
combination of a reduction in cell division, cell expansion and an accumulation of ROS 
led to accelerated senescence and induction of flowering in the vtc1-1 mutant. Moreover, 
the number of leaves, the number of flowers and number of seeds per siliques was reduced 
significantly. Under normal growth conditions, AsA showed a significant effect on 
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chlorophyll and in vtc1-1 there was a reduction in the chlorophyll a and b content in leaves 
(Table 5-1). Decreased AsA  in vtc1-1 clearly and significantly affected a number of 
processes compared to WT.  
Although plants with a knockout of DHAR1 had reduced total AsA to approximately 60%, 
plant morphology including plant height, the number of leaves and leaf area parameters 
were not affected, with similar results found in knockouts of VTC5 and APX. Therefore, 
under standard conditions, any decrease less than 60% in the total AsA in the whole 
aboveground organs did not affect the vegetative morphology in the plant. However, 
reproductive parameters including the number of flowers per inflorescence, the number 
of flowers per plant and the number of siliques per plant were reduced significantly and 
this is coincident with a reduced total AsA level in the whole aboveground organs from 
about 0 to 1 %, that what which was found in the vtc5-1 and apx1 plants. The summation 
of total AsA in leaves, stems, flowers and siliques of vtc5-1 and apx1 was very similar to 
control Col-0 (Table 5-1) and (Figure 5-1 b). However, across the aboveground organs of 
the studied mutants and control Col-0, total AsA was significantly increased in flowering 
buds and siliques. Thus, why and how is AsA modifying the reproductive organs during 
seed development? Is there a relation between AsA and the activity of cell division? To 
answer these questions a sequence of experiments was conducted on the twn1-1, a mutant 
that generates an extra embryo in the suspensor. During seed development, the cell 
division activity in the ovary of twn1-1 is different to that of the control Ws (Vernon and 
Meinke 1994). Therefore, it was of importance to understand whether AsA was involved 
in the activity of cell division during embryo development in twn1-1. The level of total 
AsA did not change during growth and development in these lines. Mutant and the WT 
morphological parameters such as leaf area and chlorophyll a and b concentrations did 
not show the influence of AsA in the twn1-1 plant. However, senescence accelerated in 
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twn1-1 compared to Ws. A finding similar to that of Barth et al. (2006) , who suggested 
that stimulation of plant senescence could be due to abnormal plant growth commencing 
with the embryo and where during growth plants accumulate increased levels of ROS, 
which stimulates maturation and/or with gibberellin synthesis induces early flowering 
and accelerated onset of senescence. However, the higher level of expression of AsA 
biosynthesis and related pathways genes in the twn1-1 might be because of the plant 
response to the ROS at the same time.  
In addition, to understand whether AsA is involved in seed development processes 
starting from pollination and fertilization, the knockout FERTILIZATION 
INDEPENDENT SEED 2 (fis2-6) mutant, where a viable seed is initiated in the absence 
of fertilization (Guitton et al. 2004) was examined and compared with background C24. 
The acceleration and the improvement of morphological parameters (number of leaves 
per plant, leaf area, plant height, the number of flowering stems per plant and the number 
of siliques per plant) in the fis2-6 indicated an involvement of AsA in growth and 
development. However, total AsA and the expression level of AsA biosynthesis and 
related pathways genes found did not support the prediction of an impact on the 
fertilisation process by the level of AsA and the production of seeds without fertilization 
(apomixis). Therefore, one of the conclusions of this study was that pollination and 
fertilization were not influenced by the level of AsA in the fis2-6 knockout. 
Overall, however, it is still evident that AsA is a crucial and essential molecule in the 
plant, which contributes significantly to the growth and the yield. VTC1 has a major 
contribution to AsA biosynthesis and its deficiency affects plant growth and yield 
significantly compared with VTC5, APX1 and DHAR1. However, to explain the 
mechanism of the involvement of AsA in cell division and expansion in the RAM and 
root of Arabidopsis, further study is required to analyse the impact of exogenous 
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application of AsA on the cell cycle in the RAM and to study the arrangement of cells in 
the RAM in different line defective of AsA biosynthesis.  
 
Table 5-1: The percentage of the measured parameters in vtc1-1, vtc5-1, apx1 and dhar1 compared to 
Col-0 
  Col-0 vtc1-1 vtc5-1 apx1 dhar1 
Plant height 100.0 72.8 87.1 89.9 102.4 
Fresh weight 100.0 54.8 69.0 86.4 99.4 
Dry weight 100.0 62.4 81.0 105.1 109.8 
Leaves per plant  100.0 73.3 92.3 101.6 104.5 
Leaf area  100.0 75.7 83.8 94.3 94.2 
Flowers per plant   100.0 86.0 82.6 85.0 85.7 
Siliques per plant 100.0 32.4 41.9 59.9 75.0 
Length of silique 100.0 89.3 96.9 99.0 98.5 
 seeds per silique 100.0 86.2 95.1 92.2 98.3 
Seeds in 5mg  100.0 137.6 137.1 115.6 115.1 
  Total AsA 
Leaves 100.0 28.9 96.3 115.1 48.1 
Stem 100.0 21.2 104.4 83.6 58.9 
Flowers 100.0 30.8 104.0 120.7 73.9 
Silique 100.0 29.1 93.9 89.3 53.1 
Average  100.0 27.5 99.7 102.2 58.5 
  Chlorophyll 
Ch. a 100.0 94.2 103.5 111.0 98.0 
Ch. b 100.0 83.0 95.0 95.5 89.3 
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Figure 5-1: A summary of AsA biosynthesis pathways in the cell, and the influence of VTC1,VTC5, APX1 
and DHAR1 on cell expansion.  (A) A simplified diagram of the studied biosynthesis pathways of AsA. 
VTC1, encodes a GDP-mannose pyrophosphorylase. In galactose pathway, VTC5, encodes a GDP-L-
galactose phosphorylase. In degradation pathway, APX1, encodes a cytosolic ascorbate peroxidase. In 
recycling pathway, DHAR1, encodes a mitochondrial dehydroascorbate reductase. (B) A diagram of a plant 
cells (Edrow Max software, trial 7.9.4 Version, EdrawSoft, Sheung Wan, HongKong). The diagram shows 
how AsA affects cell size (-) represents gene knockout plant line. (-VTC1) (located in the cell wall) reduced 
cell size and total AsA to about 30%. (-DHAR) (located in the mitochondria)  reduced total AsA to about 
60%, cell size was not affected. (-VTC5 (located in the cell wall) and APX1 (located in the cytosol) did not 
affect total AsA. Scale bar 1cm.       
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5.5 Plant AsA deficiency modifies cell division  
Cell division is the first process involved in seed germination and root growth, which is 
the result of a complex network of primary and secondary metabolic reactions. Apical 
meristems are important tissues for the study of cell division patterns due to them being 
regions of high cell division activity and the site where different cell division patterns are 
generated (Goh et al. 2016). The root apical meristem (RAM) was the focus of my study. 
The RAM in the dormant seed showed different patterns of cell division, periclinal 
(longitudinal) division occurred in the stem cell niche, while anticlinal (transverse) 
divisions were found in the differentiated cells (Figure 5-2). In the present study, AsA 
deficiency in vtc1-1 induced longitudinal division in the QC, which modified stem cell 
niche arrangement, as a result, transverse division was delayed, particularly in the cortex 
and endodermis. It can be suggested, that the AsA deficiency led to ROS accumulation, 
thus increased ROS induced longitudinal division and inhibited differentiation and 
elongation of the cell (Figure 5-3). This suggestion is in agreement with research that has 
shown that by blocking apical meristem cell division lateral root formation is induced in 
the elongation zone, and the pattern of lateral root division is longitudinal, which is 
signalled by the QC cells (Bensmihen 2015; Potters et al. 2007). No significant effect was 
found in the vtc5-1, apx1 or dhar1 on the arrangement of RAM cells compared with Col-
0. Exogenous AsA treatment accelerated the cell cycle and induced the cells of the radical 
to enter the S and G2 phase. The high density of starch granule accumulation in columella 
cells in the 2.5 mmol AsA treated plants was an indicator of cell differentiation that been 
also described by Sanmartín et al. (2011). As a result, root length and growth rate 
increased in treated AsA plants. In addition, various genes in AsA biosynthesis pathways 
have shown their influence on the cell cycle and the level of cell division activity 
(Mounet-Gilbert et al. 2016). Staining root apical meristems with different functional 
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stains aniline blue and propidium iodide for the cell wall and cell metabolism processes 
respectively, clearly showed the cellular structure and pattern and cell cycle mechanism 
in the RAM. A significant number of cells arrested in G1 phase was found in vtc1-1, 
dhar1, vtc5-1 and apx1 compared with that in Col-0, respectively. Normally, reduction 
in cell division and the cell cycle was demonstrated physically in root length and root 
growth rate, which were reduced significantly in the mutants compared with Col-0. In 
addition, ROS activity may have had a contribution to cell division patterning particularly 
in vtc1-1. I suggest that superoxide dismutase controlled the amount of superoxide by 
converting it to H2O2, especially in shoot apical meristems of vtc1-1, where the inhibition 
of cell division by ROS arrested cells in G1. It has been well understood also that the 
growth rate of roots is usually higher than shoots as shown, for example, by Walter and 
Nagel (2006) for the arrest of shoot apical meristem cells in the G1 phase. Furthermore, 
VTC1 is the important enzyme in the galactose pathway, which is the most prominent 
AsA biosynthesis pathway. VTC1 has a crucial role in cell wall synthesis (Mounet-Gilbert 
et al. 2016). However, for VTC5, APX1 and DHAR1 their contribution in cell division 
was apparently not significant. Generally, AsA is an important molecule in the plant cell 
and further detailed studies are required to fully understand the role of AsA as an 
antioxidant under stress conditions and its role in cell division. Also a quantitative 
analysis of the expression of specific genes in the various AsA biosynthesis pathways is 
needed to understand which pathway and /or gene is more effective in producing AsA 
and under what conditions.   
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Figure 5-2: Representative example of the major cell division patterns in the apical meristem. Left side 
represents periclinal (longitudinal) division, which is parallel with the organ surface. Right side shows 
anticlinal (transverse) division, which is transverse division at the right angles of the long axis of the plant 
organ.  
 
 
Figure 5-3: Cell division pattern in the radical of Col-0 and vtc1-1. This figure was derived from figure 4-
4. (*) represents the number of longitudinal division in the QC. Left side is the radical of Col-0 seed, right 
side is the radical of vtc1-1 seed. It is suggested that in Col-0 the levels of ROS and AsA was balanced 
compared to unbalanced levels in vtc1-1. H2O2 quantity in Col-0 was 50.87% less than vtc1-1, AsA quantity 
reduced to 37.04% in vtc1-1 compared to Col-0. 
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5.6 Conclusion  
 The findings of this research provide an important insight into the critical role that AsA 
plays in optimising plant growth and yield. The experimental data presented during this 
research suggests that AsA is certainly important for cell division (Figure 5-4). However, 
there are still many gaps in the knowledge of the role of AsA in the interaction between 
the regulatory mechanism and signals in the plant. The use of Arabidopsis has provided 
vital information about this role, as those with altered AsA production through knockout 
of particular components of the AsA pathway are altered in their pattern of cell division 
and plant growth.  
Economically, increased seed production and maintenance of elite characters is important 
not only in developing countries but also throughout the world. Plant AsA has been shown 
to have partial influence in the production of twinning embryos, however further work is 
required as to its function as a modifier of cell polarity and inducer of longevity in the 
plant ovary. Arabidopsis is not a crop plant and hence is important to apply these findings 
to a related crop plant and a possible routes for further investigation could be through the 
use of cultivated plants from the Brassicaceae family of crops and using Arabidopsis as a 
reference.  
The identification of which AsA pathways are involved in cell division regulation are still 
under investigation. How AsA functions and interacts with plant hormones and other 
growth and development regulators requires more study. It is an area of research that I 
suggest could open the door for significant improvement in plant yield and would keep 
the generation out of genetic segregation, which means that the elite phenotype and 
genotype traits can be passed from generation to generation. In addition, there is the need 
to target the key aspects of the AsA pathways that are critical for increasing plant yield 
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and related to that must be further investigations into whether AsA production is 
stimulated systemically and/or it acts as a mobile signalling molecule. The challenge now 
is to unravel how developmental and environmental signalling pathways including those 
involving AsA are connected to the core cell cycle machinery and to establish how these 
mechanisms influence the architecture of the plant under various growth conditions. 
Some examples of further studies could be suggested: 
1- Examine the root apical and the shoot apical structure of twn1-1 and its 
background and examine the expression of the most relevant genes of AsA 
pathways in these locations.  
2- Examine the expression of AsA biosynthesis and relevant genes on the vtc1  
mutant during embryo development stage and how these genes are involved in 
modifying cell division and cell cycle.  
3- Examine the interaction between AsA biosynthesis pathways and plant hormones 
pathways for example ABA and / or GA by examining the expressions of AsA 
biosynthesis genes in the GA and /or ABA-deficient and / or GA and / or ABA 
insensitive mutants. In addition to examine the expression of these biosynthesis 
hormones genes in the vtc1 mutant.  
4- Examine the level of AsA and plant hormones in the cultivated plant grown in the 
open field and examine the effect of different environmental stress on the 
expression of AsA and hormones biosynthesis genes.  
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Figure 5-4: Summary of the functions of AsA in plants.  AsA is a multifunctional compound in plants. The 
brown colour represents the functions that have been studied previously, green colour represents those 
functions that have been the focus of this study. The diagram shows that AsA is a multifunctional molecule 
that includes roles of detoxification of ROS, as an enzyme cofactor, a photosynthesis regulator, a modulator 
of plant growth, is involved in the process of embryo development and regulation of the cell cycle. In this 
research, the focus was on the influence of AsA in the modulation of plant growth and yield by studying 
the level of IAA, SA and AsA in the aboveground organs of Arabidopsis. The influence of AsA on the 
morphology and physiology of the plant was examined by assessing plant yield, including the number of 
leaves, flowers and seeds per plant, and in addition chlorophyll a and b content. The influence of AsA on 
root growth, including the structure of root apical meristem and the pattern of cell division, cell expansion 
and cell cycle was also investigated. In addition, the involvement of AsA in modifying cell division during 
embryo development and its partial induction of twinning embryos. 
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Appendices 
 Appendices 
: AsA stability trial experiment 
Appendix A-1: Templet of layout of an experiment conducted to examine AsA stability in aqueous solution 
using Nanodrop. 1mmol AsA was dissolved in 1% MPA and aliquots were dispensed into 30 clear 15 mL 
tubes (Falcon) of which 15 were then covered with aluminium foil to stop exposure to light. Five clear and 
five covered tubes were exposed to three different temperatures within either room temperature (21˚C) or 
a refrigerator (4, and 80˚C). Aliquots of temperature and light exposure were assessed at (0, 2, 24, 72 and 
168) hours of the storage, to test the effect of different times of storage on AsA stability. The absorbance 
of each solution was then determined at different wavelengths (245, 265 and 275 nm), R represents the 
replicate R1, R2, R2.  
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Appendix A-2: Effect of light, temperature and wavelength during different storage periods on the level of 
AsA. The absorbance of AsA detected by NanoDrop® 1000 spectrophotometer solvents were prepared in 
the tubes that exposed to light called clear and tubes were covered by aluminum foil to stop the light called 
wrap. Values with different letters indicate significant difference at P < 0.05 according to the Duncan 
multiple range test. 
 
Tube
Tem Wv/Time 245 265 275 245 265 275
21 0.051         h 0.1347      h 1.414        abc 0.107       h 0.168        h 1.3303          bcd            
4 0.0953       h 0.1727      h 1.3297       bcd 0.115       h 0.1687      h 1.3393           bcd             
-80 0.1183       h 0.1547      h 1.030         def hi   -0.1063 0.0343     hi 1.3143           bcd             
21  0.006       hi 0.166        h 1.464         abc 0.0663     h 0.1233      h 1.37               bcd
4 0.122         h 0.1637      h 1.364         bcd 0.0867     h 0.1597       h 1.3424           bcd
-80 0.097         h 0.1627      h 1.353         bcd   I       -0.32 0.307        hi 1.3427          bcd
21 0.1043      h 0.139        h 1.2313       cde   hi   -0.233 0.1167      h 1.3697          bcd
4 0.797        h 0.616       g 1.7417          a 0.0993      h 0.146        h 1.309            bcd
-80 0.1493      h 0.105       h 0.865          fg  hi  -0.1023 0.0667      h 1.2823          bcd
21 0.1017      h 0.906     efg 1.6277         ab 0.109       h 0.153        h 1.459            abc
4 0.1107      h 0.1683     h 1.3173       bcd 0.0927     h 0.1163      h 1.379            bcd
-80 0.1177      h 0.1137     h 0.7683         fg 0.055        h 0.1247      h 0.937            efg
21 0.105        h 0.202        h 1.303        bcd 0.0503      h 0.153         h 0.6007            g
4 0.1007      h 0.1337      h 1.3797      bcd 0.667        h 0.1493       h 1.332          bcd
-80 0.0303      hi 0.1337     h 1.413         abc hi  -0.0243 0.1207       h 1.433           abc
                           
  
  
       
        
      
       
        
 
                          
0h
2h
24h
48h
168h
Clear wrap
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: HPLC chromatogram of chlorophylls. 
 
Appendix B-1: HPLC chromatogram of chlorophylls separation. (A) Chlorophyll a standard 1.5µmol with 
retention time 15.9 min. Scatter chart is the serial dilution of pure chlorophyll a shows the regression value 
and linear equation. (B) chlorophyll b standard 1.5µmol with retention time 14.6min. Scatter chart is the 
serial dilution of pure chlorophyll b shows the regression value and linear equation (C) Chromatogram 
sample of Col-0 rosette leaves.15µl of standards and sample were injected in reverse-phase C18 Apollo 
HPLC Column Packing, 5-micrometre particle size, 4.6 × 250mm. wave length 435nm.   
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Appendices 
: Comparison between the seeds and seedling of Ws and twn1-1.   
 
Appendix C-1: Representative images of seeds and seedling of Ws and twn1-1. (A) Dormant seed after 
removing seed coat stained with propidium iodide to visualise root apical structure in the embryo of Ws, 
210 
 
Appendices 
(B) twn1-1. Stars (*) represents a quiescent centre cell, enclosed area with red line represents stem cell 
niche zone, Scale bar A-B is 10 µm. A representative digital photo was taken by a camera mounted on a 
dissecting microscope for 8 days of seedling grown on MS media. (C) Ws, (D) twin1-1 shows two plants 
growing from one seed. (E) A representative digital photo was taken by a camera connected to a 
dissecting microscope of the twn1-1 seeds were grown on the filter paper for 5 days to examine the 
quality of the seeds. Scale bar C-E is 5mm Different in the morphology of germinated seeds of twn1-1 
was observed, including seedling with single cotyledon, two cotyledons, three cotyledons and two 
seedlings grown from one seed.  
 The phenotype of C24 and fis2-6  
 
Appendix D-1: The morphology of radical structure, seedling and plant of the C24 and fis2-6. (A) Dormant 
seed after removing seed coat stained with  propidium iodide to visualise root apical structure in the embryo 
of C24, (B) fis2-6.  Stars (*) represents a quiescent centre cell, enclosed area with red line represents stem 
cell niche zone. Scale bar A-B is 10 µm Seeds germinated on MS media for 8 days to compare seedling 
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phenotype (C) C24, (D) fis2-6. Seedling transplanted onto the soil 30 days plant start flowering (E) C24 (F) 
fis2-6. Scale bar C-F is 5mm(G) A representative image of C24 and fis2-6 plants at 55 days of age. 
: Quantification of band intensity for agarose gel electrophoresis image   
 
Appendix E-1: Quantification of band intensity for leaves and flowers of Ws and twn1-1.  Image 
analysis for the bands using Image J shows higher bars in most of the genes in leaves 
and flowers of twn1-1 compared with Ws. However, statistically no significant 
difference was found between twn1-1 and WS in the expression of studied genes in 
leaves and flowers (A) Image analysis of two representative experiments of the leaves 
of  Ws and twn1-1. (B) Image analysis of two representative experiments of the flowers 
of  Ws and twn1-1. N=2, error bars represent ± SD. 
212 
 
Appendices 
 
Appendix E-2: Quantification of band intensity for leaves and flowers of C24 and fis2-6. Image 
analysis for the bands using Image J shows no difference between most of the genes. 
Likewise, statistically no significant difference was found between fis2-6 and C24 in the 
expression of studied genes in leaves and flowers (A) Image analysis of two 
representative experiments of the leaves of  C24 and fis2-6. (B) Image analysis of two 
representative experiments of the flowers of  C24 and fis2-6. N=2, error bars represent ± 
SD. 
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: A comparison between the levels of total AsA in different Arabidopsis 
ecotypes.   
 
Appendix F-1: Total AsA quantity in the leaves of  different Arabidopsis ecotypes.  (A)A representative 
image of 30 days Arabidopsis ecotypes Col-0, Ws and C24, grown under cool white fluorescent lights with 
a light intensity of 100 μmol m-2 s-1  with 16/8h day/night cycle at 21°C. A variance shows in the 
morphology of leaves and flowering time. (B) Leaves were collected from 30 days plants and quantitative 
analysis for AsA was measured using HPLC. N=3 , error bars represent ± SE 
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: Trial experiments of exogenous application of AsA  
 Three independent experiments were conducted to optimise the impact of AsA 
concentrations on root apical meristem and root length. The first trial experiment used 
different concentrations of AsA added to MS. Results was shown that 80 ppm AsA has a 
positive impact on root length significantly compared to control (0) and (60 , 100 and 200 
ppm AsA (FigureA-5). However, AsA in the media was unstable and has a crucial impact 
on the pH of the media. In the second trial experiment, seeds of Arabidopsis were soaked 
in different concentrations of AsA for 24 hours at 4˚C to avoid AsA degradation and root 
length was measured after 8, 12 and 16 days of incubation in the growth cabinet at 21˚C. 
Results show changes in the root growth at the higher concentration of AsA (Figure A-
6). The highest root length found at 2.5 mmol of AsA and decreased significantly at 
7mmol.  In the third trial experiment, seeds of Arabidopsis were soaked in different 
concentrations of AsA and stored at 4˚C for 24 and 72 hours. Results were shown that 
highest growth rate found at 2.5mmol AsA (Figure A-7). In addition, root apical 
meristems were stained with aniline blue and then were visualised by confocal 
microscopy. Similarly, the biggest circumference of columella cells found at 2.5mmol, 
and no significant difference found in the size of other cells. Therefore, the experiments 
were conducted by using 1.5 and 2.5 mmol AsA and compared to the controls 0 mmol 
(Chapter 4).     
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Appendix G-1: Effect of different ppm concentrations of AsA on the root morphology of Arabidopsis Col-
0.  (A) Representative image of 8 days Arabidopsis Col-0 seedlings grown on MS media with different 
concentration of AsA (0, 60, 80, 100 and 200 ppm ) under controlled condition 21±0.5˚C and 12h 
photoperiod. Scale bar is the dimeter of the plate, which is 9 cm.  (B) Root length measurements. N=3 , 
error bars represent ± SE 
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Appendix G-2: Effect of different mmol concentrations of AsA on the root morphology of Arabidopsis 
Col-0. (A) Seeds of Arabidopsis were soaked in different concentration of AsA (0, 2.5, 5, 7 and 10 mmol). 
A representative image of Arabidopsis seedlings was taken after 8, 12 and 16 days of germination. (B) Root 
length measurements. N=3 error bars represent ± SE    
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Appendix G-3: Effect of AsA on the structure of  the root apical meristem and the length and growth rate 
of the root of Arabidopsis Col-0. Arabidopsis Col-0 seeds soaked in different concentration of AsA (0, 1.5, 
2.5, 3, 5, 7 and 10) mmol for 24h and 72h. (A) Representative confocal microscopy image of embryos 
soaked for 24h (1 day) overnight treatment and seeds on MS were incubated for one day only , 24h (5 days) 
overnight treatment and seeds on MS were incubated for 5 days, 72h (5 days) seeds were soaked for 72h 
and seeds on MS were incubated for 5 days. (B) Representative image of two seedlings of Arabidopsis after 
8 days of germination. (C) Root length measurement for 24h and 72h treatment after 8 days of germination. 
(D) Growth rate for seeds treated with AsA for 24h and after 8 days of germination. N=3, error bars 
represent ± SE 
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: Steps of cell surface measurement by image J.   
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Appendix H-1: Steps of cell surface measurement by image J.  Step 1. Open Image J software, File, open 
the image, or image can be dragged to open in image J software. Step 2. Image, Adjust, Brightness/contrast. 
Step 3. Set the scale bar; draw a line on the scale bar that exist in the image using straight line. Go to 
Analyze, Set scale, Change the known distance and unit of length i.e. cm, mm or um as appeared in the 
image, Ok then. Step 4. Right click to switch the straight line to segmented line. Draw a line surround the 
cell wall surface (Yellow line). Red star represent a QC cell. Connect the line ends together. Step 5. Measure 
the surface area, Analyze, Measure. New window will open with the measurement. Results can be saved as 
excel or you can select and past in any file for further analysis.               
  
220 
 
Appendices 
: Linear equation of various concentrations of AsA, H2O2 and HRP  
 
Appendix I-1: Linear regression of various concentrations of AsA, H2O2 and HRP. Various concentrations 
of AsA were injected into the C18 column and the absorbance detected by HPLC. (A) Shows the equation 
and R-square value of AsA linear. For H2O2 and HRP detection, reactions containing 50µmol Amplex Red 
reagent (A) 0.1U/ml HRP or (B) 1mmol H2O2 the indicated amount of H2O2 or HRP in 50 mmol sodium 
phosphate buffer, pH7.4, were incubated for 30 minutes at room temperature. Fluorescent was then 
measured with a fluorescent microplate reader using excitation at 530nm and fluorescent emission at 590. 
221 
 
